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TASK A: FLOW ENERGIZERS 
Experimental 
The primary objective during this reporting period was to 
collect pressure data and to develop the techniques and software 
for verifying the experimental results. Since the last written 
progress report, wing glove surface pressures have been measured 
in flight for two different energizer configurations, both with 
lower surface pressure coefficients on the wing glove at an 
indicated airspeed of 85 knots are shown in Figure 1. With the 
I exception of the point at 60% chord on the row of ports near the 
nacelle, the flight test data are consistent. As anticipated 
from the w i n d  t u n n e l  d a t a !  t h e r e  is l i t t l e  change i n  p r e s s u r c  
coefficient with and without the flow energizers. Immediately 
adjacent to the fuselage there does appear to be some increase in 
pressure coefficient due to the presence of the energizer. Also 
shown in Figure 1 are data from the wind tunnel for this flow 
energizer at the same angle of attack. With the exception of the 
nacelle pressure ports and considerably more scatter in the wind 
tunnel measurements, the two sets of data compare reasonably 
well. 
I the left propeller feathered and with it running. Upper and 
Data reduction has been slower than anticipated, primarily 
because of difficulties in calibrating the sevenThole probes and 
in verifying the software. The first set of calibrations for the 
wake probe was incomplete and left some doubt as to the accuracy 
of the coefficients determined. A second calibration has now 
been run in the Texas A&M Low Speed Wind Tunnel and the data is 
now being processed to produce the calibration constants f o r  
these probes. 
The data collected from the wake probe survey has been 
partially reduced, but the incomplete calibration constants and 
software glitches continue to plague the data reduction. The 
first information reduced is illustrated in Figure 2 and shows 
behind the trailing edge at two different rake positions. The 
most interesting thing about this preliminary data is that there 
appears to be a reversal in sign of the v component of velocity 
near the fuselage with the propeller turning and with it 
I feathered. Unfortunately, the data are for an energizer 
I configuration that was installed in error. Nonetheless, this 
plot illustrates the kind of measurements that can be taken with 
the multi-hole wake rake probe. The next step is to carefully 
survey the area near the fuselage to see if the core of the 
vortex system can be located by looking at the velocity 
components in this plane. A series of flights will be flown 
shortly with their primary goal to collect this information. 
I the velocity components at two different locations immediately 
I 
I 
The calibration, installation, and ground checkout of the 
strain gage balance to measure forces and moments on the flow 
energizer on the right sideof the fuselage of the test airplane 
I 
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PERCENT CHORD 
F i g u r e  1 .  G l o v e  S u r f a c e  P r e s s u r e  C o e f f i c i e n t s  
( A i r p l a n e  A n g l e  of  A t t a c k :  8 O )  
i s  s t i l l  b e h i n d  s c h e d u l e  b e c a u s e  of t h e  d a t a  r e d u c t i o n  w o r k l o a d .  
An u n d e r g r a d u a t e  r e s e a r c h  a s s i s t a n t  h a s  b e e n  a d d e d  t o  t h e  team 
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for this summer to help speed up the data reduction and the 
installation of the strain gage balance. The first flight with 
the strain gage balance installed has now slipped to July 20  and 
meeting even that date is questionable. 
Nac.el le  
The paper based on the wind tunnel tests of the 1 4  flow 
energizerconf igurations was published in the June 1985 issue of 
Journal of Aircraft. 
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Figure 2. Wake Velocity Measurements 
(Airplane Angle of Attack: 8 O )  
In summary, the experimental work is progressing and data 
have been collected. The results from the wind tunnel phase of 
the program have been presented at a national conference and are 
now available to designers through the Journal of Aircraft. Data 
reduction software continues to require considerable effort and 
has slowed installation of the strain gage balance for measuring 
forces and moments on the flow energizer. Some of the schedule 
slippage has been recovered since the last progress report, but 
the project is still behind schedule. 
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TASK A :  FLOW ENERGIZERS 
Numerical Part 
The numerical part of Task A during the present reporting period 
can be divided into three parts: a) Completion of a full comparison 
between the HESS panel method results and the pressure data previously 
obtained from wind tunnel measurements performed on the model of a 
typical twin engine GA airplane (Gruman Cougar) ; b) Modelling of the 
three dimensional flow about the same airplane model using a state of 
the a r t  g a n e l  m ~ t . h n d  !VSP.EF.(! C A ~ O ) ;  c )  T e s + , i n g  ef t h c  i n c o m ~ r e s s i b l e  
Navier-Stokes solution method discussed in the progress report for last 
reporting period for several two dimensional configurations. 
a) A complete comparison between the wind tunnel pressure measurements 
for the above described model and the results obtained from the HESS 
panel method has been made. This comparison was done in order to 
investigate the applicability of a widely used panel method to the 
problem of flow prediction for highly complicated three dimensional 
aircraft configurations. A reasonably realistic result from the HESS 
code would make the rather costly Navier-Stokes calculations 
unnecessary. However, as expected, the HESS code gave good predictions 
of the flow behavior only at low angles of attack, and even here the 
detailed information about the flow in the wing-fuselage-flow energizer 
region was missing. Without this information, a qualitative analysis of 
the physical phenomena in this region is ambiguous at best. On the 
other hand, the predicted pressures f o r  the low angles of attack agreed 
reasonably well with the experimental data. At high angles of attack ( 
a > 1 0 '  ) the flow about a major portion of the wing is dominated by 
separation, so that the pressure results from the panel method were 
highly inaccurate. The influence of the flow energizers on the flow 
behavior in regions close to them was also modeled inadequately. Here 
the wind tunnel measurements clearly displayed a small but noticeable 
change in local flow behavior after the energizers were added. The 
predicted results showed essentially no change in pressures at the same 
locations . 
Thus, it was concluded that for overall flow characteristics at low 
or moderate angles of attack, the HESS code gives good results. 
However, at high angles of attack, studied in the present research 
effort, the HESS code proved to be an inadequate tool for analytical 
investigation of the flow phenomena. The lack of detailed flow 
description is another obvious shortcoming of this method. 
b) In order to further test the usefulness of panel methods for 
studying behaviours of flows about multiple body configurations at high 
angles of attack, use is being made of a more modern and well developed 
panel method code, the VSAERO. Not only does this code handle potential 
flow about arbitrary three dimensional lifting and non lifting bodies, 
but it also includes viscous and separated flow effects as well as wake 
effects. It was felt that this code might be able to model the overall 
flow behaviour at high angles of attack and account for the local 
effects of the flow energizers much better .than the HESS code. So far, 
only a small number of initial test case results were obtained. 
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c) Work on the development of the incompressible Navier-Stokes solver 
is proceeding steadily. Its implementation for two dimensional flows 
was first successfully tested on the flat plate boundary layer problem 
and was subsequantly applied to the viscous flow around a circular 
cylinder. The highly complicated, separated flow in the case of the 
cylinder for Re=40 represents an adequate challenge and was predicted 
by the scheme very well. The pressure data as well as the extent of 
the separated region agreed very well with experimental and numerical 
data available in literature. The plot of the resulting velocity 
vectors in Fig.3 shows the extent and shape of the separated wake 
region behind the cylinder. From these test cases, an understanding of 
' the behaviour of  the scheme in terms of it's stability properties, 
convergence histories and ability to predict complicated flows 
correctly was obtained. Several more efficient versions of the basic 
algorithm were investigated, however, it was found that only its full 
form had the desired properties. The proper choice of user selectable 
parameters such as time step A t ,  artificial compressibility factor 6 
and coefficients of high frequence filtering ai and ct was explored and 
their optimum values found. Currently, the numericaf method is being 
used for flow predictions about two dimentional incompressible viscous 
airfoils at moderate and high angles of attack. Concurrently, the 
I method is being extended to three dimensions, s o  that, in the 
foreseeable future, the method will be tested on simple three 
dimensional configurations. It should be pointed out that the 
availability of a super computer system, provided to us by NASA Langley 
Research Center was absolutely essential in obtaining these results and 
will be a must in the case of the three dimensional calculations. 
In summary, this part of TASK A is progressing at good pace. The 
results obtained by the incompressible Navier-Stokes solver so far are 
very promising. The main objectives of this reseach should be achieved 
according to our schedule. 
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TASK B: SLIPSTREAM EFFECTS ON N A T U R A L  LAMINAR FLOW 
Experimental 
The n a t u r a l  l a m i n a r  f l o w  t e s t  g l o v e  h a s  b e e n  f l o w n  o n  
t h e  S c h w e i z e r  2-32 s a i l p l a n e .  A i r c r a f t  f l y i n g  q u a l i t i e s  
were u n a f f e c t e d .  Due t o  i n e x p e r i e n c e  w i t h  t h e  u s e  o f  h o t -  
w i re  c o n t o u r i n g  o f  t h e  foam s t r u c t u r e ,  t h e  u p p e r  s u r f a c e  o f  
t h e  g l o v e  h a d  l a r g e  d e v i a t i o n s  f r o m  t h e  t e m p l a t e  p r o f i l e .  
T h i s  h a s  r e s u l t e d  i n  a c o n s i d e r a b l e  amoun t  o f  t ime e x p e n d e d  
o n  f i l l i n g  a n d  s a n d i n g  t o  b r i n g  t h e  c o n t o u r  t o  t h e  d e s i r e d  
s h a p e .  T h i s  p r o c e s s  i s  a l m o s t  c o m p l e t e d .  F i n a l  f i l l i n g  a n d  
s m o o t h i n g  i s  i n  p r o g r e s s  u s i n g  a wave g a u g e  t o  c o n t r o l  
i i e v i a i i o n s  i n  t n e  m e a s u r e m e n t  a r e a .  A 4 - c h a n n e l  
i n s t r u m e n t a t i o n  a n a l o g  t a p e  r e c o r d e r  has  b e e n  a c q u i r e d  
t h r o u g h  u n i v e r s i t y  c o s t - s h a r i n g .  The  i n s t r u m e n t a t i o n  a n d  
d a t a  a c q u i s i t i o n  s y s t e m  i s  p r e s e n t l y  b e i n g  i n s t a l l e d  i n  t h e  
s a i l p l a n e .  Data f l i g h t s  w i l l  be i n i t i a t e d  i n  J u l y .  
F a b r i c a t i o n  o f  t h e  w i n d  t u n n e l  t e s t  m o d e l  i s  n e a r i n g  
c o m p l e t i o n .  The  m o d e l  c o n s i s t s  o f  a c e n t r a l  s t e e l  t u b e  w i t h  
s e c t i o n s  f r o m  a h e l i c o p t e r  r o t o r  b l a d e  a t t a c h e d  f o r  t h e  w i n g  
s t r u c t u r e .  A f o a m l f i b r e g l a s s  o u t e r  w i n g  s t r u c t u r e  w i l l  be 
b o n d e d  t o  t h e  r o t o r  b l a d e  s e c t i o n s  t o  o b t a i n  t h e  d e s i r e d  
w i n g  p r o f i l e .  T h e  o u t e r  w i n g  s t r u c t u r e  i s  b e i n g  f o r m e d  
u t i l i z i n g  m o l d s  p r o v i d e d  b y  NASA. The  c e n t r a l  t u b e  h a s  b e e n  
f o r m e d  i n t o  a c l a m p  w h i c h  w i l l  h o l d  t h e  N A S A  SR-2 p r o p e l l e r  
t e s t  r i g .  The  t u b e  c l a m p i n g  s y s t e m  w i l l  a l l o w  a q u i c k  
c h a n g e  from t r a c t o r  t o  p u s h e r  c o n f i g u r a t i o n  w i t h o u t  r e m o v i n g  
t h e  m o d e l  f r o m  t h e  s u p p o r t s  i n  t h e  t e s t  s e c t i o n .  The  
i n b o a r d  s e c t i o n  o f  t h e  w i n g  o u t e r  s t r u c t u r e  w i l l  b e  
r e m o v a b l e  s o  as  t o  e n a b l e  b o t h  d i r e c t  s e c t i o n a l  d r a g  f o r c e  
m e a s u r e m e n t s  a n d  s t a t i c  p r e s s u r e  m e a s u r e m e n t s  t o  b e  made.  A 
t u n n e l  e n t r y  i n  e a r l y  A u g u s t  i s  p l a n n e d  f o l l o w i n g  t h e  N A S A  
SR-2 t e s t  p r o g r a m .  
A n a l y t i c a l  
A l i t e r a t u r e  s e a r c h  was p e r f o r m e d  o n  t h e  s u b j e c t  of 
e x t e r n a l  t u r b u l e n c e  e f f e c t s  o n  t h e  b o u n d a r y  l a y e r .  Most  o f  
t h e  a c t i v i t y  s i n  t h i s  a r e a  i s  R u s s i a n ,  a n d  i s  c o n c e r n e d  w i t h  
h e a t  t r a n s f e r .  C o m p a r i s o n s  o f  ou r  m e a s u r e m e n t s  i n  t h e  2 ' x 3 '  
t u n n e l  w i t h  t h e  R u s s i a n  d a t a  r e i n f o r c e  t h e  p r e s e n t  
. s l i p s t r e a m / b o u n d a r y  l a y e r  i n t e r a c t i o n  m o d e l .  T h e  b o u n d a r y  
l a y e r  c y c l e s  t h r o u g h  c h a n g e s  i n  c h a r a c t e r  c o n s i s t e n t  w i t h  
p e r i o d i c  c h a n g e s  i n  e x t e r n a l  f l o w  t u r b u l e n c e .  I n  t h e  
l a m i n a r  f l o w  r e g i o n ,  t h e  b o u n d a r y  l a y e r  d o e s  n o t  become 
t u r b u l e n t  a s  o r i g i o n a l l y  t h o u g h t ,  b u t  does  c o n t a i n  a r e g i o n  
o f  t u r b u l e n c e  n e a r  t h e  w a l l  which  v a r i e s  w i t h  t h e  e x t e r n a l  
f l o w  t u r b u l e n c e .  When c o m p a r i n g  v e l o c i t y  p r o f i l e  s h a p e  
p a r a m e t e r s ,  t h e  p r o f i l e s  w i t h  e x t e r n a l  t u r b u l e n c e  become 
f u l l e r  a n d  a p p e a r  s i m i l a r  t o  l a m i n a r  p r o f i l e s  w i t h  s u c t i o n ,  
i . e . ,  p r o f i l e s  h a v i n g  a h i g h  d e g r e e  o f  s t a b i l i t y .  Based 
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u p o n  s h a p e  pa rame te r  c o m p a r i s o n s  w i t h  l a m i n a r  a n d  t u r b u l e n t  
c o r r e l a t i o n  c u r v e s ,  t h e  e x t e r n a l  t u r b u l e n c e  p r o f i l e s  l i e  i n  
a t r a n s i t i o n a l  r e g i o n  b e t w e e n  t h e  t w o .  T h e  p o s s i b i l i t y  o f  a 
t r a n s i t i o n a l  c o r r e l a t i o n  c u r v e  i s  s u g g e s t e d .  T h i s  
p o s s i b i l i t y  i s  f u r t h e r  i n h a n c e d  b y  c o n s i d e r i n g  
r e l a m i n a r i z a t i o n  p r o f i l e s  w h i c h  f o l l o w  t h e  s a m e  p a t h  a s  t h e  
e x t e r n a l  t u r b u l e n c e  p r o f i l e s .  
T w o  t e c h n i c a l  p a p e r s  h a v e  b e e n  g e n e r a t e d  t o  d a t e .  The  
f i r s t  p a p e r  was p r e s e n t e d  a t  t h e  S A E  B u s i n e s s  A i r c r a f t  
M e e t i n g  i n  A p r i l ,  1 9 8 5 ,  t h e  s e c o n d  i s  t o  b e  p r e s e n t e d  a t  t h e  
N o t r e  Dame Low R e y n o l d s  Number  A i r f o i l  C o n f e r e n c e  i n  J u n e ,  
1 9 8 5 .  A t h i r d  p a p e r  h a s  b e e n  a c c e p t e d  f o r  t h e  A I A A  A p p l i e d  
A e r o d y n a m i c s  C o n f e r e n c e  i n  O c t o b e r ,  1 9 8 5 .  C o p i e s  of t h e  
f i r s t  two  p a p e r s  a r e  e n c l o s e d .  
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TASK C 
Experimental/Computational Study of 
Minimum Induced Drag and Static Longitudinal Stability 
For a Three Lifting Surface Configuration. 
Progress Report 
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Hampton, Virginia 
Grant Monitor: J. Stickle 
Grant No.: NAG 1-344 
Overview of Research 
A series of wind tunnel experiments have been carried out to 
investigate the minimum induced drag and static longitudinal 
stability for a three-lifting surface configuration. The results 
are compared with the theoretical predictions of previous 
researchers, especially Butler‘ and Kendal12”. Currently the 
research is being directed towards obtaining some comparative 
data from a panelized version of the wind tunnel model, run on 
the VSAERO code. 
Ob j ec t i ve 
The theories and modifications to the theories of Prandtl 
and Munk have been used by a number of researchers to explore the 
minimum induced drag of multiplanes (aircraft with multiple 
wings). These studies have yielded comparative predictions of 
the induced drag and static longitudinal stability of 
conventional aircraft, canard aircraft and three surface 
aircraft. The effect of variations in gap and stagger are also 
an integral portion of these studies. 
Kendall has summarized the analytical results, theorizing 
that minimum induced drag should be attainable at any centre of 
gravity (cg) location so long as equal and opposite vertical 
loads are applied by the forward and aft lifting ( o r  trimming) 
surfaces. Furthermore, these minimum induced drag loads should be 
achievable at any useable cg location, within the practical 
limits set by the size and shape of the lifting surfaces. 
An important and pragmatic concern about these theoretical 
studies is that idealizing assumptions have been made, usually 
closely allied to Prandtl’s and Munk’s assumption of an 
elliptical spanwise lift distribution. Butler, among others, has 
suggested that for non-elliptical lift distributions with pure 
canards, the effects are significantly different from idealised 
theory. He also predicts that the three surface induced drag at 
both typical cruise and high lift conditions is lower than the 
induced drag of either a conventional aircraft or a canard-wing 
type. 
This study examines these theoretical studies in the light 
of aerodynamic force and moment measurements of a typical 
business jet aircraft that is modified by the addition of a 
forward wing and fuselage extension for stagger. The study also 
undertakes a rough comparison with predictions from the VSAERO 
panel code. 
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measurement methods t o  a c c u r a t e l y  d e t e r m i n e  t r a n s i t i o n .  Time-dependent 
b e h a v i o r ,  p a r t i c u l a r l y  a t  f r e q u e n c i e s  a s s o c i a t e d  w i t h  p r o p e l l e r  b l a d e  
p a s s a g e  r a t e ,  was n o t  measu rab le  by t e c n n i q u e s  commonly em2loyed a t  
t h a t  time. Measurements by Holmes, e t  a l .  [71 u s i n g  surface ho t -wi re  
s e n s o r s  i n d i c a t e  t h e  e x i s t e n c e  of  a c y c l i c  t u r b u l e n t  b e h a v i o r  r e s u l t i n g  
i n  c o n v e c t e d  r e g i o n s  of  t u r b u l e n t  p a c k e t s  between which t h e  boundary 
l a y e r  a p p e a r s  t o  remain 
V =  
l a m i n a r  ( F i g u r e  1 ) .  
165 knots: 175 RPM, 3-BLADED PROPELLER 
t2Or HOT F I L M  SIGNALS A 
BLADE 
PA s s I NG 7 +20r REQUENCY 
7 0 -  
NLF GLOVE 
TR AN 5 I T I  ON 
+20[ c 0- - + -  
I -20 
L” I 1 1 1  L I I I ’ I  
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F i g u r e  1 .  S u r f a c e  h o t - f i l m  measurements by Holmes e t  
a l .  [71 showing c y c l i c  l a m i n a r / t u r b u l e n c e  b e h a v i o r  o f  
boundary l a y e r  w i t h i n  p r o p e l l e r  s l i p s t r e a m .  
TIME, sec 
EXPERIMENTAL INVESTIGATIONS 
F l i g h t  Experiments  
A t  Texas A&M U n i v e r s i t y ,  f l i g h t  measurements of t n e  wing boundary 
l a y e r  i n  t h e  s l i p s t r e a m  have been made on a G u l f s t r e a m  Aerospace GA-7 
Cougar a t  two chord  l o c a t i o n s  us ing  a dua l -p robe  ho t -wi re  v e l o c i t y  
s e n s i n g  sys t em.  One probe was l o c a t e d  a d j a c e n t  t o  t h e  s u r f a c e  wel l  
w i t h i n  t h e  boundary l a y e r  and t h e  other was l o c a t e d  d i r e c t l y  above i n  
t h e  e x t e r n a l  f low.  The r e s u l t s  of t h e  f l i g h t  t e s t  are shown i n  F i g u r e s  
2-4. 
The  s i g n a l  traces are  time h i s t o r i e s  of t h e  l o c a l  f l o w  v e l o c i t i e s  
i n  t h e  boundary layer n e a r  t h e  s u r f a c e  and i n  t h e  e x t e r n a l  f l oc ; .  The 
boundary l a y e r  v e l o c i t y  s i g n a l  shows a p e r i o d i c  i a n i n a r / t u r b u l e n t  
b e h a v i o r .  The change t o  t u r b u l e n t  f l o w  resu l t s  i n  a n  i n c r e a s e  i n  t h e  
v e l o c i t y  s e e n  by t h e  p robe  because of t h e  f u l l e r  t u r b u l e n t  p r o f i l e .  
T h i s  change i n  p r o f i l e  r e s u l t s  from p e r i o d i c  d i s t u r b a n c e s  i n  t h e  
e x t e r n a l  f l ow due t o  t h e  v i s c o u s  w a k e  s h e d  from t h e  p r o p e l l e r  b l a d e .  I ’  
I 
Concluding Remarks 
Preliminary experimental results indicate broad agreement 
with Butler's conclusions on the induced drag. Currently the 
analytical study is underway and results should be available 
shortly. Final conclusions will appear in the form of a journal 
article. However, the full complement of wind tunnel test data 
is given in the Appendix. 
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( a )  L i f t  
F i g u r e  2 - C o m p a r i s o n  b e t w e e n  a TLC a n d  a C V A .  S h o r t  b o d y ,  
H i g h  h o r i z o n t a l  t a i l ,  l a r g e  f o r w a r d  w i n g .  
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SYH GUN TEST CONFIGURATION: 
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i s  t h e  e f f e c t  o f  a c h a n g e  i n  g a p .  
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An Investigation of the Effects of the Propeller 
Slipstream on a Laminar Wing Boundary Layer 
Richard M. Howard and Stan J. Miley 
Texas ABM University 
Bruce J. Holmes 
NASA Langley Research Center 
A research program is in progress 
to study the effects of the propeller 
slipstream on natural laminar flow. 
Flight and wind tunnel measurements of 
the wing boundary layer have been made 
using hot-film velocity sensor probes. 
The results show the boundary layer, at 
any given point, to alternate between 
laminar and turbulent states. This 
cyclic behavior is due to periodic 
external flow turbulence originating 
from the viscous wake of the propeller 
blades. Analytic studies show the 
cyclic laminar/turbulent boundary layer 
layer to result in a significantly lower 
wing section drag than a fully turbulent 
boundary layer. The application of 
natural laminar flow design philosophy 
yields drag reduction benefits in the 
slipstream affected regions of the 
airframe, as well as the unaffected 
regions. 
IT IS BECOMING increasingly apparent 
that natural laminar flow (NLF) is a 
technology whose time has come to the 
general aviation industry. What had 
been the exclusive province of high per- 
formance sailplanes, is now commonplace 
in sport aircraft and is appearing on 
advanced technology prototype business 
aircraft. The adoption of NLF methodo- 
logy brings numerous design problems in 
the general area of aerodynamic cleanli- 
ness. An important design problem for 
propeller driven aircraft is where to 
put the propeller slipstream. Tractor 
propeller installations offer many 
adntages. A generally accepted disad- 
vantage, however, is that the propeller 
slipstream will come in contact with 
some parts of the airframe and eliminate 
the beneficial effects of laminar flow 
from the affected areas. The commonly 
applied solution is to adopt pusher 
installation designs to remove the slip- 
stream from contact with the airframe. 
Pusher installations have their disad- 
vantages also, however. In a recent 
survey of propeller propulsion integra- 
tion technology by Miley and von Lavante 
(l)*, no clear advantage was found in 
the comparison of tractor versus pusher 
wing mounted installations. This con- 
clusion is based upon a reviaw of avail- 
able published data from 1930 to pres- 
ent, As part of the Viscous Drag Reduc- 
tion Research Program at NASA Langley 
Research Center, Texas A&M University 
(TAMU) has been investigating the 
effects of a propeller slipstream on 
natural laminar flow. 
Early observations of the effect of 
the propeller slipstream on boundary 
layer transition have not resulted in 
consistent conclusions. Young and Mor- 
ris ( 2 , 3 ) ,  and Hood and Gaydos (4) con- 
cluded from their investigations that in 
the propeller slipstream the point of 
transition from laminar to turbulent 
flow moved forward to a location near 
the leading edge. Reports by Zalovcik 
(5), and Zalovcik and Skoog (6) describe 
wing boundary layer measurements in 
propeller slipstreams performed on P-47 
aircraft utilizing a NACA 230 series 
wing section and a NACA 66 laminar flow 
series wing section. Their results show 
little effect of the slipstream on tran- 
sition for the NACA 2 3 0  section; how- 
ever, the test with the NACA 66 serias 
wing section resulted in the transition 
point location moving forward from 50 
percent to 20 percent chord, indicating 
a significant loss of laminar flow. 
* Numbers in parentheses designate 
references at end of paper. 
R e c e n t  work b y  H o l m e s ,  Obara  a n d  
y i p  ( 7 )  a n d  H o l m e s ,  e t  a l .  ( 8 )  b r i n g s  
i n t o  q u e s t i o n  t h e  v a l i d i t y  of t h e  a b i l -  
i t y  o f  t h e  e a r l y  m e a s u r e m e n t  m e t h o d s  t o  
a c c u r a t e l y  d e t e r m i n e  t r a n s i t i o n .  T h e  
u s e  o f  t o t a l  p r e s s u r e  p r o b e s  i n  c o m b i -  
n a t i o n  w i t h  l a r g e  v o l u m e  p r e s s u r e  t r a n s -  
d u c e r s ,  s u c h  a s  m a n o m e t e r  s y s t e m s ,  p r o -  
v i d e d  o n l y  t i m e - a v e r a g e d  i n f o r m a t i o n .  
T i m e - d e p e n d e n t  b e h a v i o r ,  p a r t i c u l a r l y  a t  
f r e q u e n c i e s  a s s o c i a t e d  w i t h  p r o p e l l e r  
b l a d e  p a s s a g e  r a t e ,  was n o t  m e a s u r a b l e  
b y  t e c h n i q u e s  c o m m o n l y  e m p l o y e d  a t  t h a t  
t ime.  M e a s u r e m e n t s  b y  H o l m e s ,  e t  a l .  
( 7 )  u s i n g  s u r f a c e  h o t - f i l m  s e n s o r s  i n d i -  
c a t e  t h e  e x i s t e n c e  o f  a c y c l - i c  t u r b u l e n t  
b e h a v i o r  r e s u l t i n g  i n  c o n v e c t e d  r e g i o n s  
o f  t u r b u l e n t  p a c k e t s  b e t w e e n  w h i c h  t h e  
b o u n d a r y  l a y e r  a p p e a r s  t o  r e m a i n  l a m i -  
n a r .  T h e  o b s e r v e d  b e h a v i o r  i s  summa- 
r i z e d  i n  F i g u r e  1 .  
EXPERIMENTAL INVESTIGATIONS 
v =  165 knots: 175 RPM, 3-BLADED PROPELLER 
MINI -GLOVE 
NLF GLOVE 
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F i g u r e  1 .  I n - f l i g h t ,  h o t - f i l m  m e a s u r e d ,  
t i m e - d e p e n d e n t  e f f e c t s  o f  p r o p e l l e r  s l i p -  
s t ream on t h e  l a m i n a r  b o u n d a r y  l a y e r  
( T 3 4 C  a i r p l a n e ) .  
T h e  p r e s e n t  r e s e a r c h  p r o g r a m  a t  
T A M U  i s  e x t e n d i n g  t h e  i n i t i a l  w o r k  b y  
H o l m e s ,  e t  a l .  t o w a r d s  a m o r e  d e t a i l e d  
s t u d y  o f  t h e  r e s p o n s e  o f  t h e  l a m i n a r  
b o u n d a r y  l a y e r  t o  t h e  p r o p e l l e r  s l i p -  
s t r e a m .  A n a l y s i s  o f  t h e  d i s c o v e r e d  
p e r i o d i c  l a m i n a r / t u r b u l e n t  n a t u r e  o f  t h e  
w i n g  b o u n d a r y  l a y e r  f o r m s  t h e  b a s i s  o f  
t h e  c u r r e n t  e f f o r t .  T h e  u l t i m a t e  o b j e c -  
p r a c t i c a l  m e a n s  f o r  p r e d i c t i n g  s k i n  
f r i c t i o n  d r a g  o n  l a m i n a r  s u r f a c e s  
immersed i n  p r o p e l l e r  s l i p s t r e a m s .  I n  
t h e  case  o f  w i n g  s e c t i o n s ,  t h e  r e s u l t s  
o f  t h e  s t u d y  may l e a d  t o  a i r f o i l  d e s i g n s  
w h i c h  u t i l i z e  t h e  s l i p s t r e a m  a f f e c t e d  
b o u n d a r y  l a y e r  t o  a d v a n t a g e .  
f s  e A , . * . - ? - -  
t * L . T  i ..A of  t h i s  e f f o r t  b6 U C V C A W p  & 
FLIGHT E X P E R I M E N T S  - I n i t i a l  e x p e r -  
i m e n t s  a t  T A M U  were c a r r i e d  o u t  i n  
f l i g h t  on  a C u l f s t r e a m  A e r o s p a c e  GA-7 
C o u g a r  d o n a t e d  t o  t h e  u n i v e r s i t y  b y  
C u l f s t r e a m  f o r  f a c u l t y  a n d  s t u d e n t  
r e s e a r c h  p r o j e c t s .  A t w o - p r o b e  h o t - f i l m  
v e l o c i t y  s e n s i n g  s y s t e m  was i n s t a l l e d  o n  
t h e  w i n g  w i t h i n  t h e  s l i p s t r e a m  a t  t w o  
d i f f e r e n t  c h o r d w i s e  l o c a t i o n s .  O n e  
p r o b e  was l o c a t e d  a d j a c e n t  t o  t h e  s u r -  
f a c e ,  w e l l  w i t h i n  t h e  b o u n d a r y  l a y e r .  
T h e  s e c o n d  p r o b e  was m o u n t e d  d i r e c t l y  
a b o v e ,  o u t s i d e  o f  t h e  b o u n d a r y  l a y e r ,  i n  
t h e  e x t e r n a l  f l o w .  T h e  s i g n a l s  r e c o r d e d  
s i m u l t a n e o u s l y  p r o v i d e  an i n d i c a t i o n  o f  
t h e  e x t e r n a l  f l o w  d i s t u r b a n c e  a n d  t h e  
s u b s e q u e n t  b o u n d a r y  l a y e r  r e s p o n s e  t o  , 
t h i s  d i s t u r b a n c e .  A c o n s t a n t  p o w e r  s e t -  
t i n g  was u s e d ,  a n d  t h e  a i r s p e e d  was v a r -  
i e d  o v e r  t h e  o p e r a t i n g  r a n g e  o f  t h e  a i r -  
c r a f t .  T h e  e n g i n e  on t h e  i n s t r u m e n t e d  , 
s i d e  was s h u t  down a n d  t h e  t e s t  c o n d i -  
t i o n s  were r e p e a t e d  u n d e r  a s y m m e t r i c a l  
power t o  r e c o r d  t h e  f l o w  b e h a v i o r  w i t h -  
o u t  t h e  s l i p s t r e a m  d i s t u r b a n c e .  
FLIGHT RESULTS - T h e  r e s u l t s  o f  
t h i s  i n v e s t i g a t i o n  a r e  g i v e n  i n  F i g u r e s  
2 - 4 .  T h e  s i g n a l  t r a c e s  a r e  t i m e  h i s t o -  
r i e s  o f  t h e  l o c a l  f l o w  v e l o c i t y  i n  t h e  
b o u n d a r y  l a y e r  n e a r  t h e  s u r f a c e  a n d  i n  
t h e  e x t e r n a l  f l o w  i m m e d i a t e l y  a b o v e  t h e  
b o u n d a r y  l a y e r .  I t  i s  n o t e d  h e r e  t h a t  
t h e  n o i s e  i n  t h e  l a m i n a r  s i g n a l s  i s  d u e  
t o  s t r u c t u r a l  v i b r a t i o n  a s s o c i a t e d  w i t h  
e n g i n e  a n d  p r o p e l l e r  o p e r a t i o n .  T h e  
b o u n d a r y  l a y e r  v e l o c i t y  s i g n a l  s h o w s  a 
p e r i o d i c  l a m i n a r / t u r b u l e n t  f l o w .  The  
c h a n g e  t o  t u r b u l e n t  f l o w  r e s u l t s  i n  a n  
i n c r e a s e  i n  t h e  v e l o c i t y  s e e n  by t h e  
p r o b e  b e c a u s e  t h e  c o r r e s p o n d i n g  t u r b u -  
l e n t  b o u n d a r y  l a y e r  v e l o c i t y  p r o f i l e  i s  
f u l l e r  n e a r  t h e  s u r f a c e .  T h e  t u r b u l e n t  
f l o w  i n  t h e  b o u n d a r y  l a y e r  r e s u l t s  f r o m  
p e r i o d i c  d i s t u r b a n c e s  i n  t h e  e x t e r n a l  
f l o w  d u e  t o  t h e  v i s c o u s  w a k e  f r o m  t h e  
p r o p e l l e r  b l a d e .  T h e  l e n g t h  t o  w h i c h  
t h e  c y c l i c  t u r b u l e n c e  r e m a i n s  i n  t h e  
b o u n d a r y  l a y e r  i s  d e p e n d e n t  u p o n  l o c a l  
l a m i n a r  s t a b i l i t y .  A t  t h e  h i g h - s p e e d  
e n d ,  t h e  p r e s s u r e  g r a d i e n t  is  s t r o n g l y  
f a v o r a b l e ,  a n d  l a m i n a r  s t a b i l i t y  is  c o r -  
r e s p o n d i n g l y  h i g h .  Here,  t h e  b o u n d a r y  
l a y e r  r e v e r t s  a l m o s t  i m m e d i a t e l y  b a c k  t o  
l a m i n a r  f l o w  a f t e r  t h e  p a s s a g e  o f  t h e  
e x t e r n a l  d i s t u r b a n c e .  A t  t h e  l o w - s p e e d  
e n d ,  t h e  p r e s s u r e  g r a d i e n t  i s  no l o n g e r  
g r e a t l y  d e c r e a s e d ,  a n d  t h e  t u r b u l e n c e  
r e m a i n s  f o r  a l m o s t  t h e  t o t a l  c y c l e .  
T h e  c o r r e s p o n d i n g  c h a r a c t e r  o f  t h e  
b o u n d a r y  l a y e r  f l o w  w i t h o u t  t h e  p r o p e l -  
l e r  r u n n i n g  i s  s h o w n  i n  F i g u r e  3 .  T h e  
w i n g  s e c t i o n  o f  t h e  CA-7 i s  a N A C A  6 4  
l a m i n a r  f l o w  s e r i e s .  A t  l o w  a n g l e s  o f  
s t r o i i g l y  r a v o i - a b l e ,  laiiiiriai- s t a b i l i t y  is 
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Figure.2. Description o f  velocity 
sensor s i g n a l s  s e e n  in F i g u r e s  3 and 4. 
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F i g u r e  3. Time-dependent boundary layer velocity r e s p o n s e  
w i t h  and without slipstream measured in flight at 12 percent 
chord. 
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F i g u r e  4. Time-dependent boundary layer and e x t e r n a l  flow 
velocity response with slipstream measured in flight at 30 
percent chord. 
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a t t a c k ,  a f a v o r a b l e  p r e s s u r e  g r a d i e n t  
n o r m a l l y  e x t e n d s  t o  40  p e r c e n t  c h o r d .  
H o w e v e r ,  a w a y  from t h e  l e a d i n g  e d g e ,  t h e  
p r e s s u r e  d i s t r i b u t i o n  f l a t t e n s  o u t  g i v -  
i n g  a l e s s  f a v o r a b l e  p r e s s u r e  g r a d i e n t .  
T h i s ,  i n  c o m b i n a t i o n  w i t h  t h e  g r o w t h  o f  
t h e  b o u n d a r y  l a y e r ,  p r o g r e s s i v e l y  
r e d u c e s  l amina r  s t a b i l i t y ,  e v e n t u a l l y  
l e a d i n g  t o  t r a n s i t i o n  a n d  t u r b u l e n c e .  
T h e s e  r e s u l t s  i m p l y  t h a t  more s t r o n g l y  
f a v o r a b l e  p r e s s u r e  g r a d i e n t s  w i l l  b e  
r e q u i r e d  t o  a c h i e v e  maximum r u n s  o f  
l a m i n a r  f l o w  i n  p r o p e l l e r  s l i p s t r e a m s .  
T h e  e f f e c t s  of r e d u c e d  l a m i n a r  s t a b i l i t y  
a t  t h e  30 p e r c e n t  c h o r d  l o c a t i o n  i s  e v i -  
d e n t  i n  ' F i g u r e  4 .  Here a l s o  i s  s e e n  
t h e  c h a r a c t e r  o f  t h e  e x t e r n a l  f l o w  d i s -  
t u r b a n c e  d u e  t o  t h e  p r o p e l l e r  s l i p -  
t r eam.  T h e  v i s c o u s  b l a d e  w a k e  a p p e a r s  a s  
s h o r t  w a v e  i m p u l s e  b a r e l y  d i s c e r n i b l e  a t  
t h e  h i g h  s p e e d  e n d .  As t h e  s p e e d  i s  
r e d u c e d ,  t h e  p r o p e l l e r  b l a d e  o p e r a t e s  a t  
a n  i n c r e a s i n g l y  h i g h e r  a n g l e  o f  a t t a c k  
a n d  t h e  v i s c o u s  w a k e  g r o w s ,  l e a d i n g  t o  a 
m o r e  p r o n o u n c e d  i m p u l s e  d i s t u r b a n c e  s i g -  
n a l .  T h i s  i s  n o t e d  i n  t h e  f i g u r e s  i n  
terms o f  t h e  p r o p e l l e r  t h r u s t  c o e f f i -  
c i e n t .  T h e  low f r e q u e n c y  w a v e  p a t t e r n  
w h i c h  d e v e l o p s  in t h e  e x t e r n a l  s l i p - .  
s t r e a m  f l o w  i s  d u e  t o  t h e  p r o p e l l e r  t i p  
v o r t e x .  As d e m o n s t r a t e d  b y  S p a r k s  a n d  
M i l e y  (91, t h e  h e l i c a l  t i p  v o r t e x  i n -  
d u c e s  a n  a x i a l  c o m p o n e n t  i n  t h e  s l i p -  
s t ream v e l o c i t y  w h i c h  i n c r e a s e s  w i t h  
v o r t e x  s t r e n g t h  ( p r o p e l l e r  t h r u s t  c o e f  - 
f i c i e n t ) ,  a n d  a s  t h e  e d g e  of  t h e  s l i p -  
s t ream b o u n d a r y  i s  a p p r o a c h e d .  W h i l e  
t h e  t i p  v o r t e x  i n d u c e d  f l o w  d o m i n a t e s  
t h e  s l i p s t r e a m  v e l o c i t y  s i g n a l ,  i t  w i l l  
b e  s h o w n  t h a t  i t  i s  t h e  r e l a t i v e l y  
s m a l l e r  b l a d e  v i s c o u s  w a k e  d i s t u r b a n c e  
w h i c h  i s  a f f e c t i n g  t h e  l a m i n a r  b o u n d a r y  
l a y e r .  
A s l i p s t r e a m  d i s t u r b a n c e  f l o w  m o d e l  
was c o n s t r u c t e d  f r o m  a n a l y z i n g  t h e  
f l i g h t  d a t a ,  a n d  i s  s h o w n  i n  F i g u r e  5 .  
T h e  v i s c o u s  wake f r o m  t h e  p r o p e l l e r  
b l a d e  f o r m s  a h e l i c a l  s h e e t  w h i c h  i s  
s p l i t  b y  t h e  w i n g ;  o n e  p a r t  p a s s i n g  o v e r  
t h e  u p p e r  s u r f a c e ,  t h e  o t h e r  p a r t  p a s s -  
i n g  o v e r  t h e  lower  s u r f a c e .  T h e  t u r b u -  
l e n c e  i n  t h i s  h e l i c a l  w a k e  i s  s e e n  b y  a 
s t a t i o n a r y  p o i n t  i n  t h e  b o u n d a r y  l a y e r  
a s  a p e r i o d i c  c h a n g e  i n  e x t e r n a l  f l o w  
t u r b u l e n c e .  T h e  l a m i n a r  b o u n d a r y  l a y e r  
r e s p o n d s  b y  t r a n s i t i o n i n g  t o  t h e  t u r b u -  
l e n t  s t a t e ,  a n d  t h e n  r e t u r n i n g  t o  t h e  
l a m i n a r  s t a t e  t h r o u g h  r e v e r s e - t r a n s i t i o n  
b a s e d  o n  t h e  d e g r e e  o f  l o c a l  l a m i n a r  
s t a b i l i t y .  W i t h  t h e  k n o w l e d g e  g a i n e d  
f r o m  t h e  f l i g h t  t e s t  p r o g r a m ,  a s m a l l -  
s c a l e  w i n d  t u n n e l  p r o g r a m  was i n i t i a t e d  
t o  s t u d y  t h e  b o u n d a r y  l a y e r  r e s p o n s e  i n  
m o r e  d e t a i l .  
W I N D  T U N N E L  INVESTIGATION - T h e  
i n v e s t i g a t i o n  was c a r r i e d  o u t  i n  t h e  
T A M U  2 b y  3 f o o t  w i n d  t u n n e l .  T h e  t e s t  
model  was a 3 0 - i n c h  c h o r d  N A C A  0 0 1 2  
c o m p o s i t e  w i n g  s e c t i o n  w i t h  a n  1 8 - i n c h  
d i a m e t e r  s i n g l e - b l a d e d  p r o p e l l e r  a n d  
e l e c t r i c  m o t o r  m o u n t e d  a t  w i n g  l e v e l  a t  
o n e - f i f t h  c h o r d  d i s t a n c e  u p s t r e a m .  
M e a s u r e m e n t s  were made a t  v a r i o u s  a n g l e s  
o f  a t t a c k  w i t h  a c o n s t a n t  t e m p e r a t u r e  
h o t - w i r e  a n e m o m e t e r  s y s t e m  u t i l i z i n g  a 
d u a l - p r o b e  c o n f i g u r a t i o n  s i m i l a r  t o  t h a t  
Of' t h e  f l i g h t  i n v e s t i g a t i o n .  T h e  p r o b e s  
were i n s t a l l e d  s o  t h a t  t h e y  c o u l d  b e  
t r a v e r s e d  i n  a c h o r d w i s e  d i r e c t i o n  a l o n g  
t h e  a i r f o i l .  T h e  p r o b e  s u p p o r t  a r e  was 
f r e e  t o  p i v o t  s o  t h a t  t h e  s e n s o r s  f o l -  
lowed t h e  a i r f o i l  c o n t o u r ,  m a i n t a i n i n g  
c o n s t a n t  h e i g h t s  o f  a p p r o x i m a t e l y  0 . 0 1  
i n c h e s  ( . 2 5  m m )  a n d  1 . 0  i n c h e s  ( 2 5  m m )  
a b o v e  t h e  s u r f a c e .  T h u s ,  a s  i n  t h e  
7 LAMINAR 
Figure 5 .  P r o p e l l e r  s l i p s t r e a m  d i s t u r b a n c e  f l o w  m o d e l .  
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ORIGINAL F K E  E 
OF POOR QUALITY 
f l i g h t  i n v e s t i g a t i o n ,  v e l o c i t y  m e a s u r e -  
m e n t s  were made i n  t h e  b o u n d a r y  l a y e r  
n e a r  t h e  a i r f o i l  s u r f a c e  a n d  i n  t h e  
e x t e r n a l  f l o w .  
A s e c o n d  s e r i e s  o f  e x p e r i m e n t s  was 
c o n d u c t e d  u s i n g  a m e c h a n i s m  t o  e n a b l e  
s i n g l e  h o t - f i l m  p r o b e  t o  t r a v e r s e  t h e  
b o u n d a r y  l a y e r  n o r m a l  ' t o  t h e  S u r f a c e .  
R u n s  were made a t  t h r e e  c h o r d  l o c a t i o n s  
a n d  a t  t h r e e  a n g l e s  o f  a t t a c k .  T h e  
V e l o c i t y  t ime h i s t o r i e s  were d i g i t i z e d  
t h r o u g h  a m i c r o c o m p u t e r  a n d  s t o r e d  o n  
f l o p p y  d i s k  f o r  a n a l y s i s .  
Due t o  t h e  l o w  r u n n i n g  s p e e d s  of  
t h e  w i n d  t u n n e l ,  t h e  t e s t  R e y n o l d s  num- 
b e r s  were a n  o r d e r  o f  m a g n i t u d e  l o w e r  
t h a n  t h e  f l i g h t  m e a s u r e m e n t s .  However: 
s i m i l a r  b e h a v i o r  o f  t h e  b o u n d a r y  l a y e r  
t o  t h e  f l i g h t  r e s u l t s  was o b s e r v e d .  T h e  
w i n d  t u n n e l  r e s u l t s  a r e  t h e r e f o r e  t a k e n  
t o  b e  a v a l i d  r e p r e s e n t a t i o n  o f  f l i g h t  
b e h a v i o r  i n s o f a r  as  s c a l i n g  p e r m i t s .  
W I N D  T U N N E L  R E S U L T S  - Two r u n s  f r o m  
t h e  f i r s t  s e r i e s  o f  e x p e r i m e n t s  a r e  
s h o w n  i n  F i g u r e s  6 ,  7 a n d  8. F i g u r e  7 
s h o w s  a s e r i e s  o f  m e a s u r e m e n t s  a t  -3  
d e g r e e s  a n g l e  o f  a t t a c k ,  r e s u l t i n g  i n  a 
f a v o r a b l e  p r e s s u r e  g r a d i e n t  a l o n g  t h e  
u p p e r  s u r f a c e .  I n  e a c h  p h o t o g r a p h  t h e  
u p p e r  t r a c e  i s  t h e  v e l o c i t y  i n  t h e  b o u n -  
d a r y  l a y e r  n e a r  t h e  s u r f a c e ;  t h e  m i d d l e  
t r a c e  is t h e  v e l o c i t y  f o r  t h e  e x t e r n a l  
f l o w  p r o b e ;  a n d  t h e  l o w e r  t r a c e  i s  t h e  
t r i g g e r  s i g n a l  f o r  t h e  o s c i l l o s c o p e  o b -  
t a i n e d  f r o m  a m a g n e t i c  p r o x i m i t y  t r a n s -  
d u c e r  s e n s i n g  p r o p e l l e r  b l a d e  p a s s a g e .  
T h e  u p p e r  r o w  of  p h o t o g r a p h s  s h o w s  t h e  
v e l o c i t y  a t  c h o r d  l o c a t i o n s  i n d i c a t e d  
t a k e s  p l a c e  a t  a p p r o x i m a t e l y  70 p e r c e n t  
c h o r d  a t  a c h o r d  R e y n o l d s  n u m b e r  o f  
6 ~ 1 0 ~ .  T h e  a c t u a l  c h a r a c t e r  o f  t h e  
o b s e r v e d  t r a n s i t i o n  r e g i o n  i s  s h o w n  i n  
T . . . - " " i C I ^ -  
1 1  O L L J A l , A U I I  with t h e  prcpeller err. 
Boundary layer velocity 
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F i g u r e  6 .  D e s c r i p t i o n  o f  v e l o c i t y  s e n s o r  
s i g n a l s  s e e n  i n  F i g u r e s  7 a n d  8 .  
PROPELLER OFF 
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F i g u r e  7 .  T i m e - d e p e n d e n t   boundary l a y e r  a n d  e x t e r n a l  f l o w  
v e l o c i t y  r e s p o n s e  w i t h  a n d  w i t h o u t  s l i p s t r e a m  m e a s u r e d  i n  
t h e  w i n d  t u n n e l .  a = - 3 ' .  
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F i g u r e  8 .  T i n e - d e p e n d e n t  b o u n d a r y  l a y e r  a n d  e x t e r n a l  f l o w  
v e l o c i t y  r e p o n s e  w i t h  a n d  w i t h o u t  s l i p s t r e a m  m e a s u r e d  i n  
t h e  w i n d  t u n n e l ,  a=l '. 
t h e  c o r r e s p o n d i n g  p h o t o g r a p h .  Low f r e -  
q u e n c y  T o l l m i e n - S c h l i c h t i n g  w a v e s  a p p e a r  
w i t h  i n t e r m i t t e n t  b u r s t s  o f  t u r b u l e n c e .  
T h e  l o w e r  row o f  p h o t o g r a p h s  s h o w s  
t h e  v e l o c i t i e s  m e a s u r e d  w i t h  t h e  p r o p e l -  
l e r  r u n n i n g .  T h e  b l a d e  w a k e  i n  t h e  
e x t e r n a l  f l o w  c a n  b e  s e e n  i n  t h e  m i d d l e  
t r a c e  a n d  t h e  b o u n d a r y  l a y e r  r e s p o n s e  
n e a r  t h e  s u r f a c e  i n  t h e  u p p e r  t r a c e .  
T h e  g r o w t h  o f  t h e  t u r b u l e n t  p a r t  o f  t h e  
c y c l e  i n c r e a s e s  w i t h  d e c r e a s i n g  l a m i n a r  
s t a b i l i t y  i n  t h e  c h o r d w i s e  d i r e c t i o n .  
E v i d e n t  a l s o  i s  c y c l i c  l a m i n a r  p e n e t r a -  
t i o n  o f  t h e  p r e v i o u s l y  t u r b u l e n t  r e g i o n  
o n  t h e  a f t  p a r t  o f  t h e  a i r f o i l .  Note  
t h i s  e f f e c t  i n  t h e  p h o t o g r a p h  f o r  t h e  80 
p e r c e n t  c h o r d  l o c a t i o n .  T h i s  b e h a v i o r  
was s e e n  i n  t h e  f l i g h t  d a t a ,  b u t  i t  i s  
much  more p r o n o u n c e d  h e r e ;  p o s s i b l y  
b e c a u s e  o f  t h e  r e d u c e d  R e y n o l d s  n u m b e r s .  
A n o t h e r  i m p o r t a n t  f e a t u r e  is  more e v i -  
d e n t  h e r e :  t h e  w a v e f o r m  o f  t h e  c y c l i c  
v e l o c i t y  v a r i a t i o n .  W i t h  t h e  a r r i v a l  o f  
t h e  e x t e r n a l  d i s t u r b a n c e ,  t h e  v e l o c i t y  
a t  t h e  s e n s o r  l o c a t i o n  i m m e d i a t e l y  j u m p s  
t o  t h e  c o r r e s p o n d i n g  t u r b u l e n t  l e v e l .  
A f t e r  t h e  d i s t u r b a n c e  p a s s e s ,  t h e  v e l o -  
e x p o n e n t i a l  d e c a y .  T h i s  b e h a v i o r  w i l l  
b e  d i s c u s s e d  l a t e r  i n  t h e  p a p e r .  
F i g u r e  8 s h o w s  t h e  r e s u l t s  f o r  + I  
d e g r e e s  a n g l e  o f  a t t a c k .  O u t s i d e  o f  a n  
i n i t i a l  f a v o r a b l e  g r a d i e n t  p e a k  n e a r  t h e  
l e a d i n g  e d g e ,  t h e  p r e s s u r e  g r a d i e n t  i s  
a d v e r s e  o v e r  t h e  u p p e r  s u r f a c e .  T h e  
l a m i n a r  b o u n d a r y  l a y e r  r e s p o n d s  a c c o r d -  
^ .  e.. -'a. L 
~ r ; L u l  1 1 2  L G  t h e  l ~ ~ i i i a i  ie ' r 'e l  Z S  a n  
i n g l y ,  t r a n s i t i o n  now o c c u r r i n g  a t  40 
p e r c e n t  c h o r d .  T h e  t u r b u l e n t  l e n g t h  o f  
t h e  c y c l e  b e h a v e s  a s  n o t e d  p r e v i o u s l y .  
More e v i d e n t  h e r e  i s  t h e  c y c l i c  l a m i n a r  
p e n e t r a t i o n  o f  t h e  p r e v i o u s l y  t u r b u l e n t  
b o u n d a r y  l a y e r .  For t h e  t e s t  R e y n o l d s  
n u m b e r s ,  t h e  p r o p e l l e r  s l i p s t r e a m  
a p p e a r s  t o  h a v e  a b e n e f i c i a l  e f f e c t  i n  
t h e  t u r b u l e n t  f l o w  r e g i o n  of  t h e  a i r -  
f o i l .  T h e  m e c h a n i s m  b e h i n d  t h e  l a m i n a r  
p e n e t r a t i o n  i s  n o t  u n d e r s t o o d  a t  p r e -  
s e n t .  L i k e l y  p o s s i b i l i t i e s  i n c l u d e  a 
r e a c t i o n  t o  t h e  c y c l i c  e x t e r n a l  f l o w  
t u r b u l e n c e ,  a n d / o r  t h r e e - d i m e n s i o n a l  
e f f e c t s  f rom t h e  swir l  c o m p o n e n t  i n  t h e  
h e l i c a l  w a k e  s h e e t .  T h e  l a t t e r  was 
i n v e s t i g a t e d  b y  o r i e n t i n g  t h e  h o t - f i l m  
s e n s o r  p a r a l l e l  t o  t h e  c h o r d w i s e  d i r e c -  
s o  t h a t  t h e  p r i m a r y  r e s p o n s e  w o u l d  b e  i n  
t h e  s p a n w i s e  o r  c r o s s f l o w  d i r e c t i o n .  
T h e  c r o s s f l o w  m e a s u r e m e n t s  a r e  
s h o w n  i n  F i g u r e  9 .  T h e  b o u n d a r y  l a y e r  
v e l o c i t y  i n  t h e  c r o s s f l o w  d i r e c t i o n  a t  
t h e  s e n s o r ,  c h a n g e s  f r o m  l a m i n a r  t o  t u r -  
b u l e n t  w i t h o u t  t h e  i n c r e a s e  a s s o c i a t e d  
w i t h  t h e  c h a n g e  i n  v e l o c i t y  p r o f i l e ,  a s  
o b s e r v e d  w i t h  t h e  m e a s u r e m e n t s  i n  t h e  
c h o r d w i s e  d i r e c t i o n .  I n  t h e  e x t e r n a l  
f l o w ,  t h e r e  i s  a d e f i n i t e  v o r t i c i t y  com- 
p o n e n t  i n  t h e  c r o s s f l o w  d i r e c t i o n  i n  t h e  
b l a d e  w a k e .  T h e  d i r e c t i o n  o f  t h e  v o r t i -  
c i t y  i s  c o n s i s t e n t  w i t h  t h a t  w h i c h  w o u l d  
b e  s h e d  by  a p r o p e l l e r  b l a d e  g e n e r a t i n g  
l i f t .  T h e  i m p o r t a n c e  o f  t h i s  e f f e c t  i s  
n o t  known  a t  p r e s e n t .  
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F i g u r e  9. T i m e - d e p e n d e n t  c r o s s f l o w  v e l o c i t i e s  m e a s u r e d  i n  
t h e  p r o p e l l e r  s l i p s t r e a m .  
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RELATIVE VELOCITIES WITH TURBULENCE 
INTENSITY ENVELOPES 
VELOCITY PROFILE 
F i g u r e  1 0 .  R e p r e s e n t a t i v e  t i m e - d e p e n d e n t  t u r b u l e n c e  i n t e n s -  
i t y  m e a s u r e m e n t s  a c r o s s  a p r o p e l l e r  b l a d e  w a k e  p a s s a g e  c y c l e .  
B o u n d a r y  L a y e r  P r o f i l e  M e a s u r e m e n t  
R e s u l t s  - T h e  d a t a  r e c o r d e d  i n  t h e  s e c -  
o n d  s e r i e s  o f  e x p e r i m e n t s  c o n s i s t e d  o f  
v e l o c i t y  t ime h i s t o r i e s  a t  d i f f e r e n t  
h e i g h t s  a b o v e  t h e  s u r f a c e  w i t h i n  t h e  
b o u n d a r y  l a y e r .  S u f f i c i e n t  d a t a  were 
t a k e n  t o  c o n s t r u c t  t i m e  h i s t o r i e s  o f  t h e  
m e a n  v e l o c i t y  p r o f i l e ,  a n d  of  t h e  t u r b u -  
l e n c e  i n t e n s i t y  a t  each  c o r r e s p o n d i n g  
p o i n t  w i t h i n  t h e  p r o f i l e .  A r e p r e s e n -  
t a t i v e  p l o t  o f  t h e s e  d a t a  is g i v e n  i n  
F i g u r e  1 0 .  T h e  mean  streamwise v e 1 o c i t . y  
a c r o s s  a b l a d e  w a k e  p a s s a g e  c y c l e  is  
P l o t t e d  w i t h  t h e  t u r b u l e n c e  i n t e n s i t y  
s u p e r i m p o s e d  as  a " t u r b u l e n c e  i n t e n s i t y  
e n v e l o p e " .  T h r e e  p o s i t i o n s  a c r o s s  t h e  
b o u n d a r y  l a y e r  a r e  d i s p l a y e d .  T h e  u p p e r  
t r a c e  s h o w s  t h e  e x t e r n a l  f l o w  t u r b u l e n t  
d i s t u r b a n c e .  T h e r e  i s  a v e l o c i t y  d e -  
f e c t ,  c h a r a c t e r i s t i c  o f  m o m e n t u m - l o s s  
w a k e  p r o f i l e s .  T h e  m i d d l e  t r a c e  s h o w s  
t h e  g r o w t h  o f  t h e  t u r b u l e n c e  a s  o n e  p r o -  
c e e d s  i n t o  t h e  b o u n d a r y  l a y e r .  T h e  low- 
e r  t r a c e  s h o w s  t h e  r e s p o n s e  n e a r  t h e  
s u r f a c e  t o  b e  a n  i n c r e a s e  t o  a t u r b u l e n t  
v e l o c i t y  f o l l o w e d  b y  a d e c a y  b a c k  t o  t h e  
l a m i n a r  s t a t e ,  a s  h a s  b e e n  s e e n  p r e -  
v i o u s l y .  T h e  t u r b u l e n c e  i n t e n s i t y  
d e c r e a s e s  w i t h  t h e  r e v e r s i o n  t o  l a m i n a r  
f l o w .  
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F i g u r e  1 1 .  B o u n d a r y  l a y e r  p r o f i l e s  a t  45 p e r c e n t  c h o r d  
l o c a t i o n  a t  t h r e e  a n g l e s  of a t t a c k  f o r  t h r e e  t i m e  p o s i t i o n s  
i n  b l a d e  w a k e  p a s s a g e  c y c l e .  
F i g u r e  1 1  s h o w s  t h r e e  s e t s  o f  
v e l o c i t y  p r o f i l e s ,  e a c h  s e t  i n c l u d i n g  
t h r e e  p r o f i l e s  a t  d i f f e r e n t  p o i n t s  i n  
t h e  c y c l e .  E a c h  s e t  r e p r e s e n t s  a d i f -  
f e r e n t  a n g l e  o f  a t t a c k ,  g i v i n g  p r e s s u r e  
g r a d i e n t  e f f e c t s  r a n g i n g  f r o m  f a v o r a b l e  
t o  a d v e r s e .  T h e  p r o f i l e s  were n o t  n o r -  
m a l i z e d  w i t h  r e s p e c t  t o  t h e i r  i n d i v i d u a l  
t h i c k n e s s e s ,  s o  t h e i r  r e s p e c t i v e  t r u e  
t h i c k n e s s e s  a r e  r e f l e c t e d  i n  t h e  f i g u r e .  
W i t h o u t  t h e  u s u a l  t h i c k n e s s  n o r m a l i z a -  
t i o n ,  t h e  l a m i n a r  p r o f i l e  a p p e a r s  t o  b e  
f u l l e r  r e l a t i v e  t o  t h e  t u r b u l e n t  ? r o -  
f i l e s .  A p p l y i n g  t h e  n o r m a l i z a t i o n  w o u l d  
s h o w  t h e  t u r b u l e n t  p r o f i l e  t o  b e  f u l l e r ,  
a s  i s  w e l l  e s t a b l i s h e d  b y  t h e o r y .  N o t e  
t h a t  t h e  b o t t o m  l i n e  d o e s  n o t  r e p r e s e n t  
t h e  s u r f a c e  o f  t h e  a i r f o i l  b u t  t h e  l o u -  
e s t  p o i n t  i n  t h e  b o u n d a r y  l a y e r  a t  w h i c h  
m e a s u r e m e n t s  c o u l d  b e  t a k e n .  
T h e  l a m i n a r  p r o f i l e  i s  e a s i l y  r e c -  
o g n i z a b l e  by t h e  l i n e a r  v e l o c i t y  g r a d i -  
e n t  n e a r  t h e  s u r f a c e .  The  t u r b u l e n t  
p r o f i l e  d i s p l a y s  a g r e a t e r  t h i c k n e s s  
t h a n  t h e  l a m i n a r  a s  w e l l  as  a h i g h e r  v e -  
l o c i t y  n e a r  t h e  s u r f a c e .  The  t h i r d  p r o -  
f i l e  s h a p e  t o  b e  n o t e d  s t a r t s  a t  t h e  e x -  
t e r n a l  f l o w  w i t h  a h i g h e r  v e l o c i t y  t h a n  
t h e  f u l l y  t u r b u l e n t ,  a n d  r e t u r n s  t o  a 
m o r e  t u r b u l e n t  p r o f i l e  a s  t h e  m i d - l a y e r  
i s  r e a c h e d .  T h i s  t h i r d  p r o f i l e  l i e s  i n  
t h e  r e v e r s e - t r a n s i t i o n a l  p a r t  o f  t h e  
c y c l e  w h e r e  t h e  f l o w  i s  r e v e r t i n g  t o  t h e  
l a m i n a r  s t a t e .  T h i s  i s  b e s t  n o t e d  i n  
t h e  t h e  c a s e  o f  t h e  a d v e r s e  p r e s s u r e  
g r a d i e n t  a t  +3 d e g r e e 3  a n g l e  Of a t t a c k .  
T h e s e  t i m e - d e p e n d e n t  p r o f i l e  m e a s u r e -  
m e n t s  h e l p  c l a r i f y  t h e  p e c u l i a r  t ime-  
a v e r a g e d  p r o f i l e s  m e a s u r e d  by H o l m e s  e t  
a l .  ( 8 )  o n  t h e  B e l l a n c a  S k y r o c k e t  i n  
f l i g h t .  
A s e c o n d  way  t o  c h a r a c t e r i z e  t h e  
r e v e r s e - t r a n s i t i o n a l  b e h a v i o r  i s  t o  c o n -  
s i d e r  t h e  l e v e l  o f  t u r b u l e n c e  i n t e n s i t y  
t h r o u g h  t h e  b o u n d a r y  l a y e r .  R e f e r r i n g  
t o  F i g u r e  1 0 ,  a v e r t i c a l  s c a n  i n d i c a t e s  
t h a t  a t  t h e  r e t u r n  t o  t h e  l a m i n a r  s t a t e  
i n  t h e  e x t e r n a l  f l o w ,  t h e r e  i s  a h i g h  
l e v e l  of t u r b u l e n c e  i n t e n s i t y  n e a r  t h e  
a i r f o i l  s u r f a c e .  I n  F i g u r e  1 2  a v e l o c -  
i t y  p r o f i l e  i s  p l o t t e d  o n  t h e  r i g h t  w i t h  
a . t u r b u l e n c e  i n t e n s i t y  e n v e l o p e  s u p e r i m -  
p o s e d .  T h e  i n c r e a s e  i n  t u r b u l e n c e  i n -  
t e n s i t y  i s  e v i d e n t  as  o n e  m o v e s  f r o m  t h e  
e x t e r n a l  f l o w  t o w a r d s  t h e  s u r f a c e .  
A g a i n ,  t h e  b o t t o m  l i n e  r e p r e s e n t s  t h e  
l o w e r  l i m i t  o f  m e a s u r e m e n t ,  a n d  n o t  t h e  
a i r f o i l  s u r f a c e .  I t  w o u l d  be e x p e c t e d  
t h a t  t h e  l e v e l  o f  t u r b u l e n c e  i n t e n s i t y  
w o u l d  g o  t o  z e r o  as t h e  a c t u a l  s u r f a c e  
i s  a p p r o a c h e d .  T h e  g r a p h  o n  t h e  l e f t  i s  
t h e  v a l u e  o f  t h e  t u r b u l e n c e  i n t e n s i t y  
u s e d  t o  c o n s t r u c t  t h e  e n v e l o p e  o n  t h e  
r i g h t .  
A c o m p a r i s o n  w i t h  t h e  t u r b u l e n c e  
i n t e n s i t y  a c r o s s  t h e  t u r b u l e n t  p r o f i l e  
i s  s h o w n  i n  F i g u r e  1 3 .  I t  c a n  b e  s e e n  
t h a t  t h e  l e v e l  o f  t u r b u l e n c e  i n t e n s i t y  
r e m a i n s  a p p r o x i m a t e l y  c o n s t a n t  a t  1 4  
p e r c e n t  ( o p e n  s q u a r e s )  a s  o p p o s e d  t o  t h e  
g r a d u a l  i n c r e a s e  t o  a l e v e l  o f  9 p e r c e n t  
( s o l i d  c i r c l e s )  f o r  t h e  r e v e r s e - t r a n s i -  
t i o n a l  c a s e  as  t h e  a i r f o i l  s u r f a c e  i s  
a p p r o a c h e d .  E x p e r i m e n t s  by D y b a n ,  E p i k  
a n d  S u r p u n  ( 1 0 )  s h o w  s i m i l a r  b e h a v i o r  
f o r  l o w  a n d  h i g h  l e v e l s  o f  e x t e r n a l  f l o w  
t u r b u l e n c e .  R e s u l t s  f r o m  t h e i r  w o r k  a r e  
r e p r o d u c e d  i n  F i g u r e  1 3 .  H i g h e r  l e v e l s  
o f  e x t e r n a l  f l o w  t u r b u l e n c e  p r o d u c e  a 
c o n s t a n t  l e v e l  t h r o u g h o u t  t h e  t h e  b o u n -  
d a r y  l a y e r  d u e  t o  t h e  c o n t r o l l i n g  m e c h a -  
n i s m  of  + p e n e t r a t i o n  o f  t h e  t u r b u l e n c e .  
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F i g u r e  1 3 .  C o m p a r i s o n  o f  t u r b u l e n c e  i n t e n s i t i e s  f o r  two 
p r o f i l e s  w i t h  r e s u l t s  o f  Dyban ,  E p i k  a n d  S u r p u n  ( 1 0 ) .  
O n  t h e  o t h e r  h a n d ,  lower  l e v e l s  o f  t u r -  
b u l e n c e  ( o n  he o r d e r  of  a f e w  p e r c e n t )  
r e s u l t  i n  h i g h e r  l e v e l s  n e a r  t h e  s u r f a c e  
d u e  t o  t h e  m e c h a n i s m  of g e n e r a t i o n .  
T h u s  a c r o s s  a p r o p e l l e r  b l a d e  w a k e  p a s -  
s a g e  c y c l e ,  t h e  b o u n d a r y  l a y e r  a t  a 
p o i n t  o n  t h e  a i r f o i l  s u r f a c e  g o e s  
t h r o u g h  t h e  d i s t i n c t  p h a s e s  of t u r b u -  
l e n t ,  r e v e r s e - t r a n s i t i o n a l  a n d  l a m i n a r  
b e h a v i o r  c o n s i s t e n t  w i t h  a c y c l i c  v a r i -  
a t i o n  i n  e x t e r n a l  f l o w  t u r b u l e n c e .  An 
i m p r o v e d  p h y s i c a l  model c a n  b e  p r o p o s e d  
b a s e d  u p o n  t h e  a b o v e  o b s e r v a t i o n s ,  a s  
s h o w n  i n  F i g u r e  1 4 .  T h e  model l o c a l l y  
d e s c r i b e s  t h e  s h a p e  o f  t h e  mean  v e l o c i t y  
P r o f i l e  a n d  t h e  l e v e l  of t u r b u l e n c e  i n -  
t e n s i t y  a c r o s s  t h e  b o u n d a r y  l a y e r .  
ANALYTICAL M O D E L L I N G  
T h e  Cebec i -Car r  b o u n d a r y - l a y e r  c o d e  
( 1 1 )  was u s e d  i n  a p r e l i m i n a r y  a t t e m p t  
t o  n u m e r i c a l l y  mode l  t h e  b o u n d a r y  l a y o r  
r e s p o n s e  t o  t h e  p r o p e l l e r  s l i p s t r e a m .  
C o m p u t e r  r u n s  were made f o r  t h e  s i m p l e  
c a s e  of f l a t  p l a t e  f l o w  i n  w h i c h  t h e  
t u r b u l e n t  s o l u t i o n  p r o c e d u r e  was 
s w i t c h e d o n ,  t h e n  s w i t c h e d  o f f  b a c k  t o  
t h e  l a m i n a r  s o l u t i o n  p r o c e d u r e .  
S w i t c h i n g - o n  of t h e  t u r b u l e n t  s o l u t i o n  
p r o c e d u r e  i s  w h a t  n o r m a l l y  o c c u r s  i n  a 
b o u n d a r y  l a y e r  a n a l y s i s  code a f t e r  t h e  
t r a n s i t i o n  c r i t e r i a  h a v e  b e e n  s a t i s f i e d  
a t  some p o i n t  i n  t h e  f l o w .  F o r  t h e  
C e b e c i - C a r r  c o d e ,  t h i s  was r e l a t i v e l y  
9 
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F i g u r e  1 4 .  P r o p e l l e r  s l i p s t r e a m  d i s t u r b a n c e  f l o w  m o d e l  
s h o w i n g  t u r b u l e n t  r e s p o n s e  i n  b o u n d a r y  l a y e r .  
STEADY FLOW 
. . .  
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F i g u r e  1 5 .  N u m e r i c a l  m o d e l l i n g  o f  l a m i n a r / t u r b u l e n t / -  
r e v e r s e - t r a n s i t i o n a l  c y c l e  i n  b o u n d a r y  l a y e r  f o r  f l a t  p l a t e  
flow. 
e a s y  t o  a c c o m p l i s h  a s  t h e  o n l y  d i f f e r -  
e n c e  i n  t h e  s o l u t i o n  p r o c e d u r e s  was t h e  
i n c l u s i o n  o f  a n  e d d y  v i s c o s i t y  m o d e l  f o r  
t h e  t u r b u l e n t  p a r t .  An a t t e m p t  was made 
t o  m o d e l  t h e  r e v e r s e - t r a n s i t i o n a l  r e g i o n  
o b s e r v e d  e x p e r i m e n t a l l y  by s w i t c h i n g  
b a c k  t o  t h e  l a m i n a r  s o l u t i o n .  F i g u r e  15 
shows t h e  r e s u l t s  f o r  a r e p r e s e n t a t i v e  
ca se .  T h e  v e l o c i t y  r a t i o  p l o t t e d  i n  t h e  
t o p  g r a p h  i s  t h e  c a l c u l a t e d  v a l u e  c o r -  
r e s p o n d i n g  t o  a p o i n t  a p p r o x i m a t e l y  t h e  
same h e i g h t  a b o v e  t h e  s u r f a c e  a s  t h e  
e x p e r i m e n t a l  m e a s u r e m e n t s .  T h e  s h a r p  
r i s e  i n  v e l o c i t y ,  t h e  s t e a d y  t u r b u l e n t  
l e v e l ,  a n d  t h e  l a m i n a r  d e c a y  o b s e i - V e d  
e x p e r i m e n t a l l y  ( s e e  F i g u r e  8 )  c a n  be 
s e e n  i n  t h i s  s o l u t i o n  p r o c e d u r e .  T h e  
c a u s e  o f  t h i s  b e h a v i o r  c a n  be a s c e r -  
t a i n e d  i n  t h e  l o w e r  p a r t  o f  t h e  f i g u r e  
b y  n o t i n g  t h e  c h a n g e  o f  p r o f i l e  s h a p e  
f r o m  l a m i n a r ,  t o  t u r b u l e n t ,  t o  r e v e r s e -  
t r a n s i t i o n a l  . 
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F i g u r c  1 5 .  Coiiilpai-isoii o f  C a i c u i d L e a  
c y c l i c  m i x e d  l a m i n a r / t u r b u l e n t  d r a g  
c o e f f i c i e n t  w i t h  f u l l y  l a m i n a r  a n d  f u l l y  
t u r b u l e n t  s o l u t i o n s .  
ORIGINAL BASE 1s 
OF POOR QUALITY 
,- FIXED TRANSITION 
By p e r f o r m i n g  t h i s  p r o c e d u r e  m u l t i -  
p l e  t imes  a c r o s s  t h e  f l a t  p l a t e  a n d  
i n t e g r a t i n g  t h e  s k i n  f r i c t i o n  v a l u e s ,  a 
s e c t i o n a l  d r a g  c o e f f i c i e n t  was d e t e r -  
m i n e d .  T h i s  d r a g  c o e f f i c i e n t ,  a n d  t h e  
v a l u e s  c a l c u l a t e d  b y  t h e  Cebec i -Car r  
p r o g r a m  f o r  t h e  f u l l y  l a m i n a r  a n d  f u l l y  
t u r b u l e n t  c a s e s  a r e  g i v e n  i n  F i g u r e  1 6 ,  
a l o n g  w i t h  t h e  w e l l  known B l a s i u s  a n d  
P r a n d t l - S c h l i c h t i n g  c u r v e s .  T h e  c y c l i c  
l a m i n a r  / t u r  b u l e n t  d r a g  c o e f f i c i e n t  l i e s  
b e t w e e n  t h e  f u l l y  l a m i n a r  a n d  f u l l y  t u r -  
b u l e n t  v a l u e s  a s  m i g h t  b e  e x p e c t e d .  
T h i s  r e s u l t  a g r e e s  w i t h  c a l c u l a t i o n s  
p e r f o r m e d  b y  Holmes ,  e t  a l .  ( 7 )  i n  
r e g a r d s  t o  a n  e a r l y  w i n d  t u n n e l  i n v e s t i -  
g a t i o n  r e p o r t e d  b y  W e n z i n g e r  ( 1 2 ) .  
W e n z i n g e r  made w a k e  s u r v e y  d r a g  meas- 
u r e m e n t s  o f  a p o w e r e d  w i n d  t u n n e l  model 
w i n s  w i t h  p r o p e l l e r  r u n n i n g  a n d  p r o p e l -  
l e r  o f f .  U t i l i z i n g  t h e  E p p l e r  a i r f o i l  
d e s i g n  a n d  a n a l y s i s  code  ( l 3 ) ,  Holmes 
d e m o n s t r a t e d  t h a t  t h e  p r o p e l l e r - o n  d r a g  
v a l u e  l i e s  b e t w e e n  t h e  n o r m a l  f r e e  t r a n -  
s i t i o n  c a s e  a n d  t h e  f u l l y  t u r b u l e n t  
c a s e .  R e f e r r i n g  t o  F i g u r e  1 7 ,  t h e  w i n g  
s e c t i o n  d r a g  c o e f f i c i e n t  w i t h  s l i p s t r e a m  
i s  o n l y  60 p e r c e n t  g r e a t e r  t h e n  t h e  v a l -  
u e  o b t a i n e d  i f  t h e  f u l l  p o s s i b l e  e x t e n t  
o f  l a m i n a r  f l o w  were  r e a l i z e d .  On t h e  
o t h e r  h a n d ,  i f  t h e  w i n g  b o u n d a r y  l a y e r  
i S  f u l l y  t u r b u l e n t ,  t h e  d r a g  i n c r e a s e  is 
1 5 0  p e r c e n t  a b o v e  l a m i n a r .  I t  s h o u l d  b e  
n o t e d  i n  F i g u r e  1 7 ,  t h a t  t h e  f r e e  t r a n -  
s i t i o n  C a l c u l a t i o n  a g r e e s  w i t h  t h e  p r o -  
p e l l e r - o f f  d r a g  m e a s u r e m e n t .  T h e  d r a g  
r e d u c t i o n  b e n e f i t s  o f  NLF d e s i g n  p h i l o s -  
o p h y  e x t e n d  i n t o  t h e  s l i p s t r e a m  r e g i o n  
a l s o .  
Two i n d e p e n d e n t  a n d  d i f f e r e n t  a n a -  
l y t i c a l  i n v e s t i g a t i o n s  c o u p l e d  w i t h  
e x p e r i m e n t a l  m e a s u r e m e n t s  l e a d  t o  t h e  
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F i g u r e  1 7 .  C o m p a r i s o n  o f  m e a s u r e d  
d r a g  ( s o l i d  s q u a r e s )  w i t h  a n d  w i t h o u t  
s l i p s t r e a m ,  w i t h  c a l c u l a t e d  d r a g  
( o p e n  c i r c l e s ) .  
same g e n e r a l  c o n c l u s i o n :  t h e  e f f e c t  o f  
t h e  p r o p e l l e r  s l i p s t r e a m  o n  t h e  w i n g  
b o u n  d a r y  l a y e r  i s  t o  i n c r e a s e  t h e  d r a g  
c o e f f i c i e n t  a b o v e  t h e  f r e e  t r a n s i t i o n  
v a l u e ,  b u t  n o t  t o  t h e  e x t e n t  o f  a f u l l y  
t u r b u l a n t  v a l u e  as  e a r l y  i n v e s t i g a t i o n s  
s u g g e s t e d .  
T h e  r e s u l t s  o f  t h e  a n a l y t i c a l  
i n v e s t i g a t i o n s  s u g g e s t  t h a t  a p r a c t i c a l  
b o u n d a r y  l a y e r  a n a l y s i s  p r o c e d u r e  c a n  b e  
f o r m u l a t e d  t o  p r e d i c t  w i n g  s e c t i o n  d r a g  
w i t h i n  a s l i p s t r e a m .  As a b e t t e r  u n d e r -  
s t a n d i n g  o f  t h e  b o u n d a r y  l a y e r  b e h a v i o r  
i n  a s l i p s t r e a m  i s  d e v e l o p e d ,  c e r t a i n  
c h a r a c t e r i s t i c s  may e m e r g e  w h i c h  c o u l d  
b e  u s e f u l  i n  t h e  d e s i g n  o f  w i n g  s e c t i o n s  
f o r  t h i s  f l o w  r e g i o n .  
C O N C L U S I O N S  
A c y c l i c  l a m i n a r  a n d  t u r b u l e n t  f l o w  
h a s  b e e n  o b s e r v e d  i n  t h e  w i n g  b o u n d a r y  
l a y e r  i n  t h e  p r o p e l l e r  s l i p s t r e a m .  T h e  
f l o w  d i s p l a y s  a c o h e r e n t  b e h a v i o r  w h i c h  
n a y  be  m o d e l l e d  n u m e r i c a l l y .  
B o u n d a r y  l a y e r  m e a s u r e m e n t s  i n d i -  
c a t e  t h e  e x i s t e n c e  o f  t h r e e  t y p e s  o f  
v e l o c i t y  p r o f i l e s  t h a t  c h a r a c t e r i z e  t h e  
t i m e - d e p e n d e n t  f l o w :  t u r b u l e n t ,  
r e v e r s e - t r a n s i t i o n a l  a n d  l a m i n a r .  T h e  
t y p e  o f  p r o f i l e  h a s  b e e n  f u r t h e r  c h a r -  
a c t e r i z e d  by  t h e  t u r b u l e n c e  i n t e n s i t y  
l e v e l  t h r o u g h o u t  t h e  b o u n d a r y  l a y e r .  
' n i t h  t h e s e  r e s u l t s ,  a n  i m p r o v e d  
p h y s i c a l  model o f  t h e  b o u n d a r y  l a y e r  i n  
t h e  p r o p e l l e r  s l i p s t r e a m  i s  p r o p o s e d .  A 
g r e a t e r  u n d e r s t a n d i n g  o f  t h e  p h y s i c s  Of 
t h e  f l o w  i n  t h e  s l i p s t r e a m  a n d  a n  a c c u -  
r a t e  c o m p u t a t i o n a l  m e t h o d  o f  p r e d i c t i n g  
t h e  b o u n d a r y  l a y e r  b e h a v i o r  t h e r e  may 
l e a d  t o  t h e  d e s i g n  o f  NLF a i r f o i l s  t a i -  
l o r e d  f o r  t h o s e  c o n d i t i o n s . .  
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D r a g  r e d u c t i o n  b e n e f i t s  c a n  b e  ob-  
t a i n e d  b y  a p p l y i n g  NLF d e s i g n  p h i l o s o p h y  
t o  a i r f r a m e  s u r f a c e s  w i t h i n  t h e  s l i p -  
s t r  eam. 
T r a c t o r  p r o p e l l e r  i n s t a l l a t i o n s  
s h o u l d  n o t  be a u t o m a t i c a l l y  e x c l u d e d  
f r o m  NLF a i r c r a f t  d e s i g n .  
A C K N O W L E D G E M E N T  
T h i s  work is s u p p o r t e d  b y  N A S A  
L a n g l e y  R e s e a r c h  C e n t e r  G r a n t  N A G  1 - 3 4 4 .  
T h e  t e c h n i c a l  m o n i t o r  i s  D r .  B r u c e  J .  
Holmes. 
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ABSTRACT 
The e f f e c t s  of a p r o p e l l e r  slipstream on t h e  wing l a m i n a r  boundary 
a r e  b e i n g  i n v e s t i g a t e d .  Hot-wire v e l o c i t y  s e n s o r  measuremencs have 
Seen performed i n  f l i g h t  and i n  a wind t u n n e l .  I t  is shown t h a t  t h e  
boundary l a y e r  cycles Setween a laminar s t a t e  and a t u r b u l e n t  s t a t e  a t  
t h e  p r o p e l l e r  b l ade  passage  r a t e .  The c y c l i c  l e n g t h  of t h e  t u r S u l e n t  
s t a t e  i n c r e a s e s  w i t h  d e c r e a s i n g  laminar  s t a b i l i t y .  Analyses  of t h e  
time v a r y i n g  v e l o c i t y  p r o f i l e s  show t h e  t u r b u l e n t  s t a t e  t o  l i e  i n  a 
t r a n s i t i o n  r e g i o n  between f u l l y  laminar  and f u l l y  t u r b u l e n t .  The 
o b s e r v e d  c y c l i c  Soundary l a y e r  h a s  charac te r i s t ics  s imilar  t o  
r e l a m i n a r i z i n g  f l o w  and l a m i n a r  f low w i t h  e x t e r n a l  t u r b u l e n c e .  
INTSODUCTION 
A research program is  i n  p r o g r e s s  t o  i n v e s t i g a t e  t h e  b e h a v i o r  of 
t h e  l a m i n a r  boundary l a y P r  as a f f e c t e d  by a p r o p e l l e r  s l ipstream. 
Although t h e  i n v e s t i g a t i o n  is d i r e c t e d  towards  manned p r o p e l l e r  d r i v e n  
a i r c r s f t ,  much of t he  e x p e r i m e n t a l  work t o  da te  has  Seen performed a t  
Reynolds  numbers l e s s  t h a n  1x106.  These r e s u l t s  are  t h e r e f o r e  a l s o  
a p p l i c a b l e  t o  low Reynolds number a i r c r a f t .  
E a r l y  o b s e r v a t i o n s  of the e f f e c t  of  t h e  p r o p e l l e r  s l ipstream on 
boundary l a y e r  t r a n s i t i o n  have noc r e s u l t e d  i n  c o n s i s t e n t  c o n c l u s i o n s .  
Young snd  M o r r i s  [ 1 , 2 ] ,  and Hood and Caydos c3] conc luded  from the i r  
i n v e s t i g a t i o n s  t h a t  t he  p r o p e l l e r  s1ipstre.m caused t h e  2 o i n t  of 
t r a n s i t i o n  t o  move fo rward  t o  a l o c a t i o n  n e a r  t h e  l e a d i n g  edge.  
R e p o r t s  by Z a l o v c i k  [ 4 ] ,  and Zalovcik and Skoog [ 5 ]  describe wing 
boundary l a y e r  nezsu remen t s  i n  p r o p e i l a r  s l i p s t r e a m s  performed on 7-47 
a i r c r a f t  u t i l i z i n g  an N A C A  230 series wing s e c t i o n  and a n  N A C A  66 
se r i i s  l a m i n a r  f low wing s e c t i o n .  T h e i r  r e s u l t s  show l i t t l e  e f f e c t  of 
t h e  s l i p s t r e a m  on t r a n s i t i o n  f o r  t h e  N A C A  230 s e c t i o n ;  howt3ver, t h e  
t e s t  w i t h  t h e  XACA 55 ser i ls  s e c t i o n  r e s u l t e d  i n  t h e  t r a n s i t i o n  p o i n t  
l o c a t i o n  moving fo rward  from 50 t o  20 p e r c e n t  chord .  The a e n e r a l  
c o n s e n s u s  from t h i s  ear ly  work is t h a t  t h e  p r o p e l l e r  s l i p s t r eam reduced  
t h e  e x t e n t  of  l a m i n a r  f low b y  f o m i n g  t r a n s i t i o n  t o  occur  e a r l i w .  
i iecent  work by Holmes, Obara and Y i p  [ S I  a n a  Holmes, e t  al. C71 
b r i n g s  i n t o  q u e s t i o n  t h e  va1iai:y o f  t h e  a b i l i t y  of  t h e  ear ly  
measurement methods t o  a c c u r a t e l y  d e t e r n i n e  t r a n s i t i o n .  Time-dependent 
b e h a v i o r ,  p a r t i c u l a r l y  a t  f r e q u e n c i e s  a s s o c i a t e a  w i t h  p r o p e l l e r  b lade  
p a s s a g e  r a t e ,  was n o t  n e a s u r a b l e  by t e c n n i q u e s  commonly employed a t  
t h a t  time. Measurements by Holmes, e t  a l .  C71 u s i n g  s u r f a c e  ho t -wi re  
s e n s o r s  i n d i c a t e  t h e  e x i s t e n c e  of a c y c l i c  t u r b u l e n t  b e h a v i o r  r e s u l t i n g  
i n  c o n v e c t e d  r e g i o n s  of t u r b u l e n t  p a c k e t s  between which  t n e  boundary 
l a y e r  a p p e a r s  t o  r ema in  l a m i n a r  ( F i g u r e  1 ) .  
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F i g u r e  1 .  S u r f a c e  hot-f i lm measurements by Holmes e t  
a l .  [7]  showing c y c l i c  l a m i n a r / t u r b u l e n c e  b e h a v i o r  of  
boundary l a y e r  w i t h i n  p r o p e l l e r  s l i p s t r e a m .  
EXPERIMENTAL INVESTIGATIONS 
F l i g h t  Experiments  
A t  Texas A&M U n i v e r s i t y ,  f l i g h t  measurements of t h e  wing boundary 
l a y e r  i n  t h e  s l i p s t r e a m  have been made on a G u l f s t r e a m  Aerospace 2A-7 
Cougar a t  two chord l o c a t i o n s  using a dua l -p robe  hot-wire v e l o c i t y  
s e n s i n g  sys t em.  One probe was l o c a t e d  a d j a c e n t  t o  t h e  s u r f a c e  well 
w i t h i n  t h e  boundary l a y e r  and t h e  o t h e r  was l o c a t e d  d i r e c t l y  above i n  
t h e  e x t e r n a l  f low.  The r e s u l t s  of the  f l i g h t  test  a r e  shown i n  F i g u r e s  
2-4.  
The  s i g n a l  t races  are time h i s t o r i e s  of  t h e  loca l  f low v e l o c i t i e s  
i n  t h e  boundary layer  n e a r  t h e  surface and i n  t h e  e x t e r n a l  f l o w .  The 
boundary l a y e r  v e l o c i t y  s i g n a l  shows a p e r i o d i c  l a n i n a r / t u r b u l e n t  
b e h a v i o r .  The change t o  t u r b u l e n t  f l o w  r e s u l t s  i n  an i n c r e a s e  i n  t h e  
v e l o c i t y  s e e n  by t h e  probe because of t h e  f u l l e r  t u r b u l e n t  p r o f i l e .  
T h i s  change i n  p r o f i l e  r e s u l t s  from p e r i o d i c  d i s t u r b a n c e s  i n  t h e  
e x t e r n a l  flow due t o  t h e  v i s c o u s  wake s h e d  from t h e  p r o p e l l e r  b l a d e .  
HIGH SPEED 
Boundary layer 
External flow 
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F i g u r e  2 .  I d e n t i f i c a t i o n  of  hot-wire v e l o c i t y  s e n s o r  
s i g n a l s  i n  F i g u r e s  3-4. 
HIGH - AIRSPEED - LOW 
LOW - ANGLEOFAVACK - HIGH 
LOW - THRUSTCOEFFICIENT - HIGH FAVORABLE - PRESSURE GRADIENT - ADVERSE 
PROPELLER OFF 
FLIGHT TEST - 12% CHORD 
F i g u r e  3. V e l o c i t y  s i g n a l  i n  boundary l aye r  n e a r  
s u r f a c e ,  showing c y c l i c  l a m i n a r / t u r b u l e n t  f l o w  
( p r o p e l l e r  on )  and l a m i n a r - t r a n s i t i o n -  t u r b u l e n c e  
( p r o p e l l e r  o f f ) .  
The l e n g t h  of time which t h e  c y c l i c  t u r b u l e n c e  r e m a i n s  i n  t h e  boundary 
l a y e r -  is  dependen t  upon t h e  l a m i n a r  s t a b i l i t y  i n  t h e  d i f f e r i n g  p r e s s u r e  
g r a d i e n t s  from t h e  high-speed t o  t h e  low-speed end .  A t  t h e  high-speed 
e n d ,  t h e  p r e s s u r e  g r a d i e n t  is s t r o n g l y  f a v o r a b l e ,  a n d  l a m i n a r  s t a b i l i t y  
is  c o r r e s p o n d i n g l y  h i g h .  Here, t h e  boundary layer  r e v e r t s  a l m o s t  
i m m e d i a t e l y  back t o  l amina r  flow a f t e r  t h e  p a s s a g e  of  t h e  e x t e r n a l  
d i s t u r b a n c e .  A t  t h e  low-speed end ,  t h e  p r e s s u r e  g r a d i e n t  is no l o n g e r  
s t r o n g l y  f a v o r a b l e ,  l a m i n a r  s t a b i l i t y  is  g r e a t l y  d e c r e a s e d ,  and t h e  
t u r b u l e n c e  r e m a i n s  f o r  a lmos t  t h e  total  c y c l e .  
HIGH - AIRSPEED - LOW 
LOW - ANGLE OF ATTACK- HIGH 
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F i g u r e  4. V e l o c i t y  s i g n a l s  i n  boundary layer n e a r  
s u r f a c e  and i n  e x t e r n a l  flow. 
The e f f e c t  of r educed  l amina r  s t a b i l i t y  a t  t he  30 p e r c e n t  chord  
l o c a t i o n  is e v i d e n t  i n  F i g u r e  4 .  Here a l s o  is s e e n  t h e  c h a r a c t e r  of 
t n e  e x t e r n a l  f l ow d i s t u r b a n c e  due t o  t h e  p r o p e l l e r  s l ipstream. The 
v i s c o u s  blade wake a p p e a r s  as a s h o r t  wave impu l se  b a r e l y  d i s c e r n i b l e  
a t  t h e  high-speed end. As t h e  speed is  r e d u c e d ,  t h e  p r o p e l l e r  b l a d e  
o p e r a t e s  a t  an i n c r e a s i n g l y  h i g h e r  a n g l e  of  a t tack  and t h e  vis.cous w a k e  
grows,  l e a d i n g  t o  a more pronounced impu l se  d i s t u r b a n c e  s i g n a l .  T h i s  
is n o t e d  i n  t h e  f i g u r e s  i n  terms of t h e  p r o p e l l e r  t h r u s t  c o e f f i c i e n t .  
The low f r e q u e n c y  wave p a t t e r n  which  d e v e l o p s  i n  t h e  e x t e r n a l  
s l i p s t r e a m  f l o w  is due t o  the p r o p e l l e r  t i p  v o r t e x .  A s  demons t r a t ed  by 
Sparks  and Miley [8], t h e  h e l i c a l  t i p  v o r t e x  i n d u c e s  a n  a x i a l  component 
i n  t h e  s l i p s t r e a m  v e l o c i t y  which i n c r e a s e s  w i t h  v o r t e x  s t r e n g t h  
( p r o p e l l e r  t h r u s t  c o e f f i c i e n t ) ,  and as t h e  edge of  t h e  s l i p s t r e a m  
boundary is approached .  While t h e  t i p  v o r t e x  induced  f l o w  domina te s  
t h e  s l ipstream v e l o c i t y  s i g n a l ,  i t  w i l l  be shown t h a t  i t  i s  t h e  
r e l a t i v e l y  smaller b l a d e  v i s c o u s  wake d i s t u r b a n c e  which is a f f e c t i n g  
the  l a m i n a r  boundary layer .  
A s l i p s t r e a m  d i s t u r b a n c e  f low model ( F i g u r e  5 )  was c o n s t r u c t e d  
from a n  a n a l y s i s  of  t he  f l i g h t  d a t a .  The v i s c o u s  wake from t h e  
p r o p e l l e r  b l a d e  forms a he l ica l  shee t  which i s  s p l i t  by t h e  wing. The 
t u r b u l e n c e  i n  t h e  h e l i c a l  wake is s e e n  by a s t a t i o n a r y  p o i n t  i n  t h e  
boundary l a y e r  as a p e r i o d i c  change i n  e x t e r n a l  f low t u r b u l e n c e .  The 
l a m i n a r  boundary l a y e r  r e s p o n d s  by t r a n s i t i o n i n g  t o  t h e  t u r b u l e n t  s t a t e  
and t h e n  r e t u r n i n g  t o  t h e  l a m i n a r  s t a t e  t h r o u g h  a r e v e r s e - t r a n s i t i o n a l  
p r o c e s s  based upon t h e  d e g r e e  of l o c a l  l a m i n a r  s t a b i l i t y .  
Yind Tunnel I n v e s t i g a t i o n  
A small-scale wind t u n n e l  t es t  program was begun t o  s t u d y  t h e  
boundary layer  r e s p o n s e  i n  more d e t a i l .  The t e s t  model was a 30-inch 
chord N A C A  0012 compos i t e  wing s e c t i o n  w i t h  a n  18 - inch  diameter 
s i n g l e - b l a d e d  p r o p e l l e r  and e l ec t r i c  motor mounted a t  wing l e v e l  a t  
F i g u r e  5. S l i p s t r e a m  d i s t u r b a n c e  flow model. 
one-f i f t h  chord  d i s t a n c e  upstream. Measurements were made a t  v a r i o u s  
a n g l e s  of  a t tack  w i t h  a c o n s t a n t  t e m p e r a t u r e  h o t - w i r e  anemometer system 
and dua l -p robe  c o n f i g u r a t i o n  similar t o  tha t  used  i n  f l i g h t .  The 
p r o b e s  were t r a v e r s e d  i n  a chordwise d i r e c t i o n  a l o n g  the  a i r f o i l  w i t h  
t h e  p r o b e  s u p p o r t  f ree  t o  p i v o t  a l l o w i n g  t h e  s e n s o r s  t o  f o l l o w  t h e  
a i r f o i l  c o n t o u r .  The p robe  heights above t h e  s u r f a c e  were m a i n t a i n e d  
a t  a p p r o x i m a t e l y  0.01 and 1 .O i nches .  
Two r u n s  are shown i n  F i g u r e s  6-8 .  F i g u r e  6 descr ibes  t h e  s i g n a l s  
s e e n  i n  t h e  pho tographs  i n  t h e  f o l l o w i n g  f i g u r e s .  I n  each pho tograph  
t h e  upper  t race  is t h e  v e l o c i t y  i n  t h e  boundary layer  n e a r  t h e  s u r f a c e ;  
t h e  middle  t race is the  v e l o c i t y  f o r  t he  e x t e r n a l  f l ow p r o b e ;  and t h e  
lower t r ace  is t h e  t r i g g e r  s i g n a l  f o r  t h e  o s c i l l o s c o p e  o b t a i n e d  from a 
m a g n e t i c  p r o x i m i t y  t r a n s d u c e r  s e n s i n g  p r o p e l l e r  b l a d e  ? a s s a g e .  F i g u r e  
7 shows a series of  measurements a t  -3 d e g r e e s  a n g l e  o f  a t t ack  
r e s u l t i n g  i n  a f a v o r a b l e  p r e s s u r e  g r a d i e n t  a l o n g  t h e  upper s u r f a c e .  
The upper row of pho tographs  shows time h i s t o r i e s  of v e l o c i t i e s  a t  
chord  l o c a t i o n s  i n d i c a t e d  w i t h  t h e  p r o p e l l e r  o f f .  T r a n s i t i o n  t akes  
p l a c e  a t  a p p r o x i m a t e l y  70 p e r c e n t  chord a t  a chord  Reynolds number of 
6x1 O s .  Low f r e q u e n c y  T o l l m i e n - S c h l i c h t i n g  w a v e s  a p p e a r  w i t h  
i n t e r m i t t e n t  b u r s t s  of t u r b u l e n c e .  
The lower row of pho tographs  shows the  v e l o c i t i e s  measured w i t h  
t h e  p r o p e l l e r  r u n n i n g .  The growth of t he  t u r b u l e n t  pa r t  of t h e  c y c l e  
i n c r e a s e s  w i t h  d e c r e a s i n g  l a m i n a r  s t a b i l i t y  i n  t h e  chordwise  d i r e c t i o n .  
E v i d e n t  a l s o  is c y c l i c  r e l a m i n a r i z a t i o n  of  t h e  p r e v i o u s l y  t u r b u l e n t  
r e g i o n  on t h e  a f t  p o r t i o n  o f  t he  a i r f o i l .  Note t h i s  e f f ec t  i n  t h e  
pho tograph  f o r  t he  80 p e r c e n t  chord l o c a t i o n .  T h i s  b e h a v i o r  was s e e n  
i n  t h e  f l i g h t  da ta ,  b u t  is more pronounced here,  p o s s i b l y  due t o  t he  
low Reynolds number. The waveform of t h e  c y c l i c  v e l o c i t y  v a r i a t i o n  can 
be n o t e d ,  w i t h  t h e  immediate jump t o  a t u r b u l e n t  v e l o c i t y  l e v e l  w i t h  
t h e  a r r i v a l  of t h e  e x t e r n a l  d i s t u r b a n c e .  After t h e  d i s t u r b a n c e  p a s s e s ,  
t h e  v e l o c i t y  r e t u r n s  t o  t h e  l a m i n a r  l e v e l  as a n  e x p o n e n t i a l  decay.  
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F i g u r e  6.  I d e n t i f i c a t i o n  of ho t -wi re  v e l o c i t y  s e n s o r  
s i g n a l s  i n  F i g u r e s  7-8. 
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F i g u r e  7. 
s u r f a c e  and i n  e x t e r n a l  f low,  showing c y c l i c  
l a r n i n a r / t u r b u l e n t  f l o w  ( p r o p e l l e r  o n )  and 
l a m i n a r - t r a n s i t i o n - t u r b u l e n c e  ( p r o p e l l e r  o f f ) .  - 3 O  
a n g l e  of  a t tack.  
V e l o c i t y  s i g n a l s  i n  boundary l a y e r  n e a r  
F i g u r e  8 shows t h e  r e s u l t s  f o r  1 d e g r e e  a n g l e  of a t tack .  The 
p r e s s u r e  g r a d i e n t  i s  less f a v o r a b l e  o v e r  t h e  upper s u r f a c e ;  t h e  l a m i n a r  
boundary l a y e r  r e s p o n d s  by t r a n s i t i o n i n g  now a t  40 p e r c e n t  chord .  More 
e v i d e n t  here is t h e  c y c l i c  r e l a m i n a r i z a t i o n  of t h e  p r e v i o u s l y  t u r b u l e n t  
boundary l a y e r .  For t h e  low test Reynolds number, t h e  p r o p e l l e r  
s l i p s t r e a m  a p p e a r s  t o  have a b e n e f i c i a l  e f f e c t  i n  t h e  t u r b u l e n t  flow 
r e g i o n  of t h e  a i r f o i l .  The mechanism behind t n e  r e l a m i n a r i z a t i o n  is 
n o t  u n d e r s t o o d  a t  p r e s e n t .  P o s s i b i l i t i e s  i n c l u d e  a r e a c t i o n  t o  t h e  
c y c l i c  e x t e r n a l  f low t u r b u l e n c e  and/or t h r e e - d i m e n s i o n a l  e f f e c t s  fron: 
t h e  swirl component i n  t he  h e l i c a l  wake sheet .  
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F i g u r e  9 .  V e l o c i t y  s i g n a l s  i n  boundary layer  n e a r  
s u r f a c e  and i n  e x t e r n a l  f low, showing c y c l i c  
l a m i n a r / t u r b u l e n t  f l o w  ( p r o p e l l e r  o n )  and 
l a m i n a r - t r a n s i t i o n - t u r b u l e n c e  ( p r o p e l l e r  o f f ) .  + l o  
a n g l e  o f  a t t a c k .  
A second series of expe r imen t s  was conduc ted  u t i l i z i n g  a s i n g l e  
ho t -wi re  p robe  t o  t r a v e r s e  t he  boundary layer  normal t o  t h e  surface.  
Runs were made a t  three a n g l e s  of a t t a c k .  The v e l o c i t y  time h i s t o r i e s  
were d i g i t i z e d  t h r o u g h  a microcomputer and s t o r e d  on f l o p p y  d i s k  f o r  
a n a l y s i s .  S u f f i c i e n t  data were t a k e n  t o  c o n s t r u c t  time h i s t o r i e s  of t h e  
mean v e l o c i t y  p r o f i l e ,  and of t h e  t u r b u l e n c e  i n t e n s i t y  a t  each 
c o r r e s p o n d i n g  p o i n t  w i t h i n  t h e  p r o f i l e .  A r e p r e s e n t a t i v e  p l o t  of t hese  
da t a  is g i v e n  i n  F i g u r e  9. The mean streamwise v e l o c i t y  a c r o s s  a b l a d e  
wake p a s s a g e  c y c l e  i s  p l o t t e d  w i t h  t h e  t u r b u l e n c e  i n t e n s i t y  
supe r imposed  as a f f t u r b u l e n c e  i n t e n s i t y  enve lope" .  Three p o s i t i o n s  
across t h e  boundary l a y e r  are  d i s p l a y e d .  The upper t r a c e  shows t h e  
e x t e r n a l  f l o w  t u r b u l e n t  d i s t u r b a n c e .  There is a v e l o c i t y  d e f e c t ,  
c h a r a c t e r i s t i c  of momentum-loss wake p r o f i l e s .  The lower t r a c e  shows 
t h e  r e s p o n s e  n e a r  t h e  s u r f a c e  t o  be an i n c r e a s e  t o  a t u r b u l e n t  v e l o c i t y  
f o l l o w e d  by a decay back t o  t h e  l a m i n a r  s t a t e ,  as has been s e e n  
p r e v i o u s l y .  The t u r b u l e n c e  i n t e n s i t y  decreases w i t h  t h e  r e v e r s i o n  t o  
l a m i n a r  flow. 
ANALYSIS AND RESULTS 
F i g u r e  10 shows three sets of  v e l o c i t y  p r o f i l e s ,  each s e t  
i n c l u d i n g  three p r o f i l e s  a t  d i f f e ren t  p o i n t s  i n  t h e  w a k e  pas sago  c y c l e .  
Each s e t  r e p r e s e n t s  a d i f f e r e n t  a n g l e  of a t t a c k ,  g i v i n g  pressure 
g r a d i e n t  e f f e c t s  r a n g i n g  from f a v o r a b l e  t o  a d v e r s e .  The p r o f i l e s  were 
n o t  no rma l i zed  w i t h  r e s p e c t  t o  t h e i r  i n d i v i d u a l  t h i c k n e s s e s .  Note t h a t  
t h e  bottom l i n e  does no t  r e p r e s e n t  t h e  s u r f a c e  of  t he  a i r f o i l  b u t  t h e  
l o w e s t  p o i n t  i n  t h e  boundary l a y e r  a t  which measurements c o u l d  be 
t a k e n .  The p r o f i l e s  w i t h i n  each s e t  a re  i d e n t i f i e d  a c c o r d i n g  t o  t h e i r  
p o s i t  i o n  i n  t h e  wake  pas sage  c y c l e ,  i . e .  " l a m i n a r  ,If " r e v e r s e -  
t r a n s i t i o n a l  and " t u r b u l e n t " .  Each o f  these  p o s i t i o n s  a l s o  
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F i g u r e  9.  T i m e  h i s t o r i e s  of t h e  mean v e l o c i t y  and 
t u r b u l e n c e  i n t e n s i t y  a t  three v e r t i c a l  p o s i t i o n s  i n  
t h e  boundary l a y e r .  Data f o r  one wake  p a s s a g e  c y c l e .  
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F i g u r e  10 .  Boundary l a y e r  v e l o c i t y  p r o f i l e s  f o r  
three d i f f e r e n t  a n g l e s  of a t t a c k  and f o r  three 
d i f f e r e n t  p o s i t i o n s  i n  t h e  wake p a s s a g e  c y c l e .  
c o r r e s p o n d s  t o  a l e v e l ,  of e x t e r n a l  f l ow t u r b u l e n c e  i n t e n s i t y .  The 
t u r b u l e n c e  i n t e n s i t y  d i s t r i b u t i o n  ( p r o f i l e )  t h r o u g h  t h e  boundary layer 
f o r  t h e  0 d e g r e e  a n g l e  o f  a t t a c k  c a s e  is shown i n  F i g u r e  1 1 .  Due t o  
l i m i t a t i o n s  of t h e  d i g i t i z e r ,  t h e  upper c u t - o f f  f r e q u e n c y  of  t h e  da ta  
is a p p r o x i m a t e l y  100 her tz .  Also, t h e  wind t u n n e l  h a s  a low f r e q u e n c y  
u n s t e a d i n e s s  which was n o t  removed from t h e  data .  I t  is s e e n  t h a t  
there  is a co r re spondence  between t h e  e x t e r n a l  f l o w  t u r b d l e n c e  
i n t e n s i t y ,  t he  boundary l a y e r  v e l o c i t y  p r o f i l e ,  and t h e  boundary l aye r  
t u r b u l e n c e  i n t e n s i t y  p r o f i l e .  
The e f fec t  of e x t e r n a l  f l ow t u r b u l e n c e  on l a m i n a r  and t u r b u l e n t  
boundary layers  has been i n v e s t i g a t e d  t o  a l i m i t e d  e x t e n t ,  p r i m a r i l y  
w i t h  c o n c e r n  t o  heat t r a n s f e r .  The work of  Dyban, Epik and Surpun C91 
is summarized i n  F i g u r e  1 2 .  The laminar  boundary l a y e r  o v e r  a f l a t  
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F i g u r e  1 1 .  Tu rbu lence  i n t e n s i t y  a) Boundary l a y e r  v e l o c i t y  p r o f i l e s  
p r o f i l e s  f o r  three d i f f e r e n t  f o r  th ree  r a n g e s  of e x t e r n a l  flow 
p o s i t i o n s  i n  t h e  whke  p a s s a g e  t u r b u l e n c e .  B l a s i u s  ( f l a t  p l a t e )  
c y c l e .  O o  a n g l e  of  a t tack .  prof i le  shown f o r  r e f e r e n c e .  
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c )  i i a t i o  of  Soundary layer  
0 2 4 c a I o n  
b )  Boundary l a y e r  t u r b u l e n c e  peak t u r b u l e n c e  i n t e n s i t y  
i n t e n s i t y  p r o f i l e s  for d i f f e r e n t  t o  e x t e r n a l  f l ow t u r b u l e n c e  
e x t e r n a l  f l ow t u r b u l e n c e  i n t e n s i t y  i n t e n s i t y  f o r  two d i f f e r e n t  
l e v e l s .  Reynolds numbers. 
F i g u r e  12.  R e s u l t s  from Dyban e t  a l .  C91. 
p l a t e  is s u b j e c t e d  t o  d i f f e r e n t  l e v e l s  of e x t e r n a l  f l ow t u r b u l e n c e  
i n t e n s i t y .  The r e s u l t i n g  boundary l a y e r  v e l o c i t y  and t u r b u l e n c e  
i n t e n s i t y  p r o f i l e s  are shown i n  t h e  f i g u r e .  A s  t h e  e x t e r n a l  f l ow 
t u r b u l e n c e  i n t e n s i t y  is i n c r e a s e d ,  t h e  v e l o c i t y  p r o f i l e  becomes f u l l e r .  
Three d i s t i n c t  r a n g e s  of e x t e r n a l  t u r b u l e n c e  i n t e n s i t y  have 5een 
i d e n t i f i e d  a c c o r d i n g  t o  t h e  r e s p e c t i v e  g e n e r a t i o n  of  t u r b u l e n c e  w i t h i n  
t h e  boundary l a y e r .  A s  shown i n  F i g u r e  1 2 c ,  these r a n g e s  are:  f o r  an 
e x t e r n a l  t u r b u l e n c e  i n t e n s i t y  less  t h a n  4 .5  p e r c e n t ,  t h e  g e n e r a t e d  
t u r b u l e n c e  i n t e n s i t y  i n  t h e  boundary l aye r  i n c r e a s e s  a t  a fas te r  r a t e  
t h a n  t h e  e x t e r n a l  flow t u r b u l e n c e  i n t e n s i t y ,  t h e  g e n e r a t e d  i n t e n s i t y  
r e a c h i n g  peak l e v e l s  2 t o  3 times as l a r g e  depending on t h e  Reynolds  
number; f o r  4.5 t o  10 p e r c e n t  e x t e r n a l  f l ow t u r b u l e n c e  i n t e n s i t y ,  t h e  
g e n e r a t e d  t u r b u l e n c e  i n t e n s i t y  i n  the boundary layer i n c r e a s e s  a t  a 
slower r a t e  t h a n  the  e x t e r n a l  f low t u r b u l e n c e  i n t e n s i t y ,  r e v e r s i n g  t h e  
t r e n d  i n  t h e  f irst  r a n g e ;  and f o r  an e x t e r n a l  f l ow t u r b u l e n c e  i n t e n s i t y  
g r e a t e r  t h a n  10 p e r c e n t ,  t h e  r a t e  of i n c r e a s e  of  g e n e r a t e d  t u r b u l e n c e  
i n t e n s i t y  i n  t h e  boundary l a y e r  mono tbn ica l ly  a p p r o a c h e s  t h a t  of t h e  
e x t e r n a l  flow. The boundary l a y e r  v e l o c i t y  and t u r b u l e n c e  i n t e n s i t y  
p r o f i l e s  i n  F i g u r e  12 are i d e n t i f i e d  r e s p e c t i v e l y  a c c o r d i n g  t o  these 
r a n g e s  . 
Comparison of  the  wind t u n n e l  measurements w i t h  t h e  t h e  work of  
w i t h i n  t h e  s l i p s t r e a m  can be c h a r a c t e r i z e d  as a boundary l a y e r  w i t h  a 
c y c l i c  v a r i a t i o n  of e x t e r n a l  flow t u r b u l e n c e .  A s  i n d i c a t e d  i n  F i g u r e  
5 ,  t h e  s o u r c e  o f  the e x t e r n a l  flow t u r b u l e n c e  is t h e  v i s c o u s  wake from 
t h e  p r o p e l l e r  b l a d e .  The passage  of t h e  wake o v e r  a p o i n t  on t h e  wing 
a l t e r s  t h e  l a i i i n a r  boundary layer  a c c o r d i n g  t o  t h e  b e h a v i o r  shown i n  
F i g u r e s  10-12. The i n c r e a s e  i n  inean v e l o c i t y  shown i n  F i g u r e s  2-4 i s  
the r e s u l t  of t h e  change i n  t h e  v e l o c i t y  p r o f i l e .  The l e n g t h  of t he  
t u r b u l e n c e  s i g n a l  i n  F i g u r e s  2-4 i s  i n  p a r t  due t o  t h e  change i n  t h e  
t u r b u l e n c e  i n t e n s i t y  p r o f i l e .  The a v a i l a b l e  data show tha t  n e a r  t h e  
s u r f a c e ,  t h e  t u r b u l e n c e  w i l l  p e r s i s t  some time a f t e r  t h e  passage  of t h e  
e x t e r n a l  t u r b u l e n c e .  I t  is expec ted  t h a t  t h e  l o c a l  p r e s s u r e  g r a d i e n t  
w i l l  a f fect  t h e  r a t e  of  decay of the g e n e r a t e d  t u r b u l e n c e .  T h i s  is 
p r e s e n t l y  b e i n g  i n v e s t i g a t e d .  I t  i s  a l so  i m p o r t a n t  t o  n o t e  t h a t  w i t h  a 
d e f i n i t e  t u r b u l e n c e  p r o f i l e  w i t h i n  t h e  boundary l a y e r ,  a s i n g l e  p o i n t  
measurement by a ho t -wi re  s e n s o r  can g i v e  m i s l e a d i n g  i n f o r m a t i o n .  A 
t h i n n e r  boundary l a y e r  would r e g i s t e r  a s h o r t e r  t u r b u l e n c e  time l e n g t h  
t h a n  a t h i c k e r  one because  of t h e  r e l a t i v e  p o s i t i o n  of  t h e  s e n s o r .  With 
t h e  p r e s e n t  u n d e r s t a n d i n g ,  t h e  model of F i g u r e  5 has been u p d a t e d ,  and 
t h e  c u r r e n t  model is shown i n  F igu re  13. I n  t h i s  f i g u r e  t he  r e l a t i v e  
t h i c k n e s s  of  the boundary l a y e r  and t h e  p e r s i s t e n c e  o f  t h e  t u r b u l e n c e  
is emphasized.  
Dybm e t  21. [SI suppcr ts  t h e  vie:: t h a t  t he  lamizar Soundzry l a y e r  
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F i g u r e  13. C u r r e n t  s l i p s t r e a m  f low d i s t u r b a n c e  
model,  showing e f f e c t  on l amina r  boundary layer .  
An a n a l y s i s  was performed t o  d e t e r m i n e  where these e x t e r n a l  
t u r b u l e n c e  boundary l a y e r s  l i e  i n  r e l a t i o n  t o  c o n v e n t i o n a l  l a m i n a r  and 
t u r b u l e n t  flows. Shape f a c t o r  c o r r e l a t i o n s  between H,, and H , ,  were 
c a l c u l a t e d  from t h e  wind t u n n e l  data. Data f o r  each time s t e p  i n  t h e  
wake p a s s a g e  c y c l e  were ave raged  over f i f t y  c y c l e s ,  smoothed,  f i t  w i t h  
a c u b i c  s p l i n e  and i n t e g r a t e d  f o r  v a l u e s  of H , ,  and H32. F i g u r e  1 4  
shows t h e  c o r r e l a t i o n  a c r o s s  a wake p a s s a g e  c y c l e  for  an a n g l e  of 
a t tack of  0 d e g r e e s  a t  chord l o c a t i o n s  of  15 and 45 p e r c e n t ,  and f o r  an 
a n g l e  o f  at tack of 3 d e g r e e s  a t  a chord l o c a t i o n  o f  30 p e r c e n t .  Also 
i n c l u d e d  i n  t h e  f i g u r e  are t h e  wake passage  cyc le  time h i s to r i e s  o f  t h e  
freestream mean v e l o c i t y  and t u r b u l e n c e  i n t e n s i t y  a t  t h e  three chord  
p o s i t i o n s .  The c u r v e s  p l o t t e d  i n  t h e  f i g u r e  are the  c o r r e l a t i o n s  
u t i l i z e d  by Epp le r  [ 1 1 1  f o r  l amina r  and t u r b u l e n t  flow as d e t e r m i n e d  
from similar s o l u t i o n s  and e m p i r i c a l  data.  
a )  Time h i s t o r i e s  of  e x t e r n a l  
f l o w  t u r b u l e n c e  i n t e n s i t y .  
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b )  Shape f a c t o r  v a r i a t i o n  f o r  
1 5  p e r c e n t  chord .  0' a n g l e  of 
a t tack.  
F i g u r e  1 4 .  V a r i a t i o n  of  boundary layer  shape  f a c t o r s  
t h r o u g h  wake p a s s a g e  cycle. 
I n  F i g u r e  14  t h e  time s t e p  d a t a  p o i n t s  c o r r e s p o n d i n g  t o  c o n d i t i o n s  
where t h e  boundary l a y e r  is i n d i c a t e d  t o  be l amina r  l i e  on t h e  l a m i n a r  
s h a p e  f a c t o r  c u r v e .  The e f fec t  of t he  more a d v e r s e  p r e s s u r e  g r a d i e n t  
a t  3 degrees a n g l e  of at tack is s e e n  by n o t i n g  t h a t  t h e  r e s p e c t i v e  data 
p o i n t s  are s h i f t e d  t o  lower v a l e s  of H,,. As t h e  cycle is p r o g r e s s e d ,  
t h e  v e l o c i t y  p r o f i l e  s h i f t s  t o  a h i g h l y  s t a b l e  form under t h e  i n f l u e n c e  
o f  t h e  e x t e r n a l  t u r b u l e n c e ,  t h e n  r e v e r t s  back t o  t h e  c o n v e n t i o n a l  
l a m i n a r  r a n g e .  I n  each case the shape f a c t o r  c o r r e l a t i o n  i n d i c a t e s  
t h a t  t h e  boundary l a y e r  based on v e l o c i t y  p r o f i l e  behav io r  neve r  
a t t a i n s  t h e  p r e d i c t e d  t u r b u l e n t  r e l a t i o n s h i p .  I n  F i g u r e  15, s h a p e  
f a c t o r s  de t e rmined  from the  e x t e r n a l  t u r b u l e n c e  flow boundary l a y e r  
v e l o c i t y  p r o f i l e s  of Dyban e t  a l .  E91 and from r e l a m i n a r i z a t i o n  f l o w  
boundary l a y e r  v e l o c i t y  v e l o c i t y  p r o f i l e s  of  r e f e r e n c e  [ l o ]  are p l o t t e d  
w i t h  t h e  l a m i n a r  and t u r b u l e n t  c o r r e l a t i o n  c u r v e s .  The e x t e r n a l  
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c )  Shape f a c t o r  var ia t ion  f o r  d )  Shape f a c t o r  var ia t ion  f o r  
45 percent chord. 0' angle o f  30 percent chord. +3' angle of 
a t t a c k .  a t t a c k .  
Figure 1 4 .  Concluded. 
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Figure 15. Boundary layer  shape f a c t o r  
var ia t ion  for  external flow turbulence 
of Dyban e t  a l .  [ 9 ]  and f o r  
relaminarizing flow C 1 O l .  
t u r b u l e n c e  s h a p e  pa rame te r  values f o l l o w  t h a t  same p a t h  as t h e  
s l i p s t r e a m  r e s u l t s .  The r e l a m i n a r i z i n g  flow s h a p e  pa rame te r  v a l u e s  
i n i t i a l l y  move i n  t h e  d i r e c t i o n  of a newer ( y o u n g e r )  t u r b u l e n t  boundary 
l aye r ,  t h e n  l o o p  back and proceed i n  t h e  d i r e c t i o n  .of  t h e  l a m i n a r  
c u r v e .  The r e l a m i n a r i z i n g  boundary l a y e r  is i n i t i a l l y  t u r b u l e n t .  Under 
t h e  a c t i o n  of  a s t r o n g l y  f a v o r a b l e  p r e s s u r e  g r a d i e n t ,  a r e v e r s i o n  t o  a 
l a m i n a r - l i k e  s t a t e  takes p l a c e .  The p r o g r e s s  of  t h e  r e l a m i n a r i z a t i o n  i n  
r e l a t i o n  t o  t h e  l a m i n a r  and t u r b u l e n t  c u r v e s  is n o t e d  i n  t h e  f i g u r e .  
The t u r b u l e n c e  i n t e n s i t y  p r o f i l e s  of the  r e l a m i n a r i z i n g  f l o w  from 
r e f e r e n c e  [ l o ]  are  g i v e n  i n  F i g u r e  16 .  The p r o f i l e s  are similar t o  
t h o s e  of t he  e x t e r n a l  f l ow t u r b u l e n c e  boundary l a y e r s .  
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The r e s u l t s  i n  F i g u r e s  1 4  and 15 ra ise  the  q u e s t i o n  o f  a c lass  of  
boundary l a y e r s  which l i e  between the  f u l l y  l a m i n a r  and f u l l y  t u r b u l e n t  
s ta tes .  I n  t h e  case o f  the  e x t e r n a l  t u r b u l e n c e  f l o w s ,  t h e  terms 
f t p s e u d o - l a m i n a r f f  a n d  f f p s e u d o - t u r b u l e n t f i  h a v e  b e e n  u s e d .  I n  
c o n s i d e r a t i o n  o f  where t h e y  l i e  i n  t e rms  of s n a p e  pa rame te r  v a l u e s ,  t h e  
term f t t r a n s i t i o n a l f f  may be more a p p r o p r i a t e .  The i m p l i c a t i o n  of  t h e  
data i n  t h e  f i g u r e s  i s  t h a t  a I f t r a n s i t i o n a l t f  s h a p e  f a c t o r  c o r r e l a t i o n  
c u r v e  may e x i s t  which c o n n e c t s  l amina r  and t u r b u l e n t  f l o w s .  T h i s  
c o n c e p t  w i l l  be i n v e s t i g a t e d  i n  t h e  e f f o r t  t o  deve lop  a p r a c t i c a l  
boundary l a y e r  p r e d i c t i o n  method f o r  t h e  s l i p s t r e a m  c a s e .  
SUMMARY 
The l a m i n a r  boundary l a y e r  w i t h i n  a p r o p e l l e r  s l i p s t r e a m  is 
affected by t h e  v i s c o u s  wake from t h e  p r o p e l l e r  b l a d e .  The wake forms 
a he l i ca l  sheet which is s p l i t  by the  wing and p a s s e s  o v e r  t h e  upper 
and lower surfaces. Across a p r o p e l l e r  blade wake p a s s a g e  c y c l e ,  t h e  
boundary l a y e r  a t  a p o i n t  on t h e  a i r f o i l  s u r f a c e  goes t h r o u g h  t h e  
d i s t i n c t  p h a s e s  of t u r b u l e n t ,  r e v e r s e - t r a n s i t i o n a l  and l a m i n a r  b e h a v i o r  
c o n s i s t e n t  w i t h  a c y c l i c  v a r i a t i o n  i n  e x t e r n a l  f l ow t u r b u l e n c e .  The 
t u r b u l e n t  phase  is charac te r i s t ic  of boundary layer f l o w  w i t h  e x t e r n a l  
t u r b u l e n c e ,  and e x h i b i t s  v e l o c i t y  p r o f i l e s  which l i e  i n  a t r a n s i t i o n a l  
r e g i o n  between f u l l y  l amina r  and f u l l y  t u r b u l e n t  f l o w .  The c y c l i c  
e x t e r n a l  t u r b u l e n c e  may a l s o  i n f l u e n c e  t h e  t u r b u l e n t  boundary l a y e r  i n  
s u c h  a way as t o  c a u s e  p e r i o d i c  r e l a m i n a r i z a t i o n  as h a s  been o b s e r v e d  
i n  f l i g h t  and i n  t h e  wind t u n n e l .  
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